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ABSTRACT 

 

Pancreatic ductal adenocarcinoma (PDA), the fourth leading cause of cancer 

death in the U.S., is a devastating disease. Current therapies are largely ineffective, and 

development of better approaches depends on a greater knowledge of its biology. The 

Kras oncogene, often mutated in human pancreatic cancer, is important for the onset of 

pancreatic cancer. 

To study the role of Kras in the progression and maintenance of pancreatic 

cancer I have characterized a new mouse model, inducible-KrasG12D (iKras*), that 

allows for tissue-specific, temporally regulated and reversible expression of mutant 

Kras* in the pancreatic epithelium. Upon activation of Kras* expression, iKras* mice 

undergo tumorigenesis characteristic of human pancreatic cancer. Strikingly, withdrawal 

of Kras* expression resulted in rapid reversion of the carcinogenesis process and repair 

of the pancreatic tissue. Furthermore, I have crossed iKras* mice with animals 

containing a mutant form of the tumor suppressor p53 (p53R172H). Here, activation of 

Kras* gave rise to the formation of invasive tumors and metastases. Inactivation of 

Kras* resulted in regression of primary tumors and metastases. These results show that 

Kras* is continuously required during pancreatic carcinogenesis, even in the context of 

other genetic alterations, thus validating Kras* as a therapeutic target.  

The lack of inhibitors targeting Kras* prevents clinical applications of these 

findings. The MAPK pathway is activated by Kras*, and its activation accompanies 
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precancerous lesion formation and is retained in invasive tumors. To investigate the 

requirement of the MAPK pathway during pancreatic carcinogenesis, I inhibited 

MEK1/2, a key pathway component, in iKras* mice using the small molecule antagonist 

PD325901. Abrogation of MAPK signaling prevented the initiation of pancreatic 

tumorigenesis. Strikingly, MEK1/2 blockade in mice bearing precursor lesions resulted 

in the redifferentiation of the lesions into normal acinar cells. These results define the 

biological role of the MAPK pathway during the initiation and maintenance of pancreatic 

precancerous lesions. Importantly, my data suggest that MAPK signaling promotes 

carcinogenesis by enabling dedifferentiation of acinar cells making them susceptible to 

malignant transformation.  

 Taken together, my data indicate that activation of Kras*, and subsequently the 

MAPK pathway, is required for both the formation and maintenance of PanIN lesions 

and pancreatic cancer.  
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CHAPTER 1 

INTRODUCTION1 

 

 Pancreatic cancer, one of the deadliest human malignancies, is the fourth 

leading cause of cancer-related deaths in the United States with a 5-year survival rate 

at a dismal 6%. Advances in our understanding of the biology of this disease could 

provide new potential opportunities for treatment.  The use of genetically engineered 

mouse models has been fundamental in furthering our knowledge of this disease, as 

they are able to recapitulate the progression of the human tumors. The work in this 

thesis describes not only a new mouse model of pancreatic cancer, but also delves into 

the biological role of the most frequently mutated gene in pancreatic cancer, Kras, and 

investigates its potential as a therapeutic target.  

 

Clinical aspects of Pancreatic Ductal Adenocarcinoma 

The most frequent type of pancreatic malignancy is pancreatic ductal 

adenocarcinoma (PDA), accounting for 75-92% of cases (1). In 2013 alone, 

approximately 45,000 Americans will be diagnosed with the disease, and close to 

38,500 patients will succumb to it (http://seer.cancer.gov).  A number of factors can 

increase the risk for pancreatic cancer, namely increased age, excessive alcohol 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Portions of this chapter have been published in: Collins, M.A. and Pasca di Magliano, 
M. 2014. Kras as a key oncogene and therapeutic target in pancreatic cancer, Front 
Physiol. 4:407	  
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consumption, smoking, obesity, and inherited predisposition (2-5). One of the best-

established risk factors for pancreatic cancer is chronic pancreatitis (6-8).  

Pancreatic tumors are most frequently found in the head of the pancreas (near 

the duodenum) and, in many cases, when first discovered they have already invaded 

into the surrounding tissues, such as the duodenum, spleen and peritoneum, and 

metastasized to the local lymph nodes, liver and/or lungs. The most common therapies 

for pancreatic tumors consist of surgery and chemotherapeutic and radiotherapeutic 

measures. The best treatment option for pancreatic cancer patients is surgical removal 

of the tumor. However, only about 10-15% of patients are eligible for this method of 

treatment. The most common surgical resection is the pancreaticoduodenectomy, also 

known as the Whipple procedure, for tumors in the head of the pancreas. In addition to 

the removal of the tumor and surrounding pancreatic tissue, this invasive procedure 

also removes part of the stomach, duodenum, and the common bile duct. 

Reconstruction involves connecting the remaining pancreas and stomach, as well as 

the bile duct, to the jejunum of the small intestine (9). Even with this surgery, most 

patients have only a modest increase in 5-year survival rate of 15-20% (10). Since 

many patients present with invasive and metastatic tumors at the time of diagnosis they 

are ineligible for resection.  

The current chemotherapeutic options for pancreatic cancer patients are quite 

poor; the standard of care for PDA, gemcitabine, only increases life expectancy by 

about six months (11). A more promising alternative to target metastatic pancreatic 

cancer was identified from a Phase 3 trial of FOLFIRINOX, a combination of the drugs 

5-FU (fluorouracil), irinotecan and oxaliplatin, where the median survival was extended 
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four months longer than those treated with gemcitabine (12).  Despite the increase in 

lifespan, many patients reported a decrease in their quality of life due to chemotherapy 

toxicity and side effects; moreover, all of the patients eventually succumbed to their 

metastatic disease. A number of other clinical trials have been undertaken studying the 

effect of gemcitabine in combination with other chemotherapeutic agents, however the 

results leave much to be desired with little to no improvement over gemcitabine alone 

(for review, see (10)). 

In order to identify pancreatic cancer earlier in disease progression, many groups 

are investigating the use of biomarkers as a diagnostic tool. Currently, the best marker 

used to confirm a diagnosis of pancreatic cancer is the tumor marker carbohydrate 

antigen 19-9 (CA-19-9) (13). While levels of CA-19-9 are frequently upregulated in 

pancreatic cancer patients, they can also be elevated in other diseases of the pancreas 

or, in a subset of patients, not expressed at all (14, 15). Additionally, CA-19-9 does not 

detect pancreatic cancer in the earlier stages, such as precursor lesions, thereby 

limiting its use as an early diagnostic marker. Proteomic, genomic, as well as literature-

based approaches have been used to determine which proteins or genes are selectively 

expressed in pancreatic cancer vs. precursor lesions vs. pancreatitis and therefore may 

be used as pancreatic cancer biomarkers (16, 17). Still, a reliable marker that can be 

used to detect PDA at the initial stages has yet to be identified.  

Due to the weakness of the current clinical approaches, it has become 

increasingly apparent that more efforts need to be directed towards better 

understanding of the biology of this disease. 
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Normal pancreas function and development 

The adult pancreas is composed of two components, an exocrine and an 

endocrine gland, which play important roles in digestion and glucose homeostasis, 

respectively. The exocrine pancreas comprises 85-90% of the organ tissue and consists 

of the acinar and duct cells. Acinar cells are large cells that form grape-like clusters 

connected by the ductal tree of the pancreas. These cells are responsible for the 

production of digestive enzymes that are secreted through a ductal network that 

empties into the duodenum. The endocrine gland of the pancreas includes multiple cell 

types that are organized into the Islets of Langerhans that are distributed throughout the 

exocrine pancreas. The islet cells are responsible for the production of hormones, such 

as insulin and glucagon, which are secreted directly into the blood stream to regulate 

glucose uptake throughout the body (18).  

The developing pancreas arises from two buds off of the foregut epithelium. 

Under the control of developmental signaling pathways (Hh, Notch, Wnt, and TGFβ), 

whose expression is tightly regulated, the tissue undergoes extensive branching and 

remodeling as the buds fuse together and the pancreas progenitor cells differentiate 

and become more organized. These pathways all serve critical functions in a temporal 

and dosage-dependent manner, and upon establishment of the adult organ their 

expression is restricted to specific cell compartments or absent completely (for review 

see (19)).  

In addition to the regulation by signaling pathways, differentiation and maturation 

of the pancreatic progenitor cells is dependent on specific gene expression that is also 
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strictly regulated in a temporal manner. One of the earliest genetic markers of 

pancreatic development is expression of pancreas and duodenal homeobox gene-1 

(Pdx1). Pdx1 marks a progenitor population of cells and has been shown in mouse 

models to give rise to all pancreatic lineages (20). Differentiation into the endocrine cell 

populations is initiated by expression of neurogenin3 (Ngn3), which then activates 

downstream transcription factors that are responsible for the formation of the different 

islet cell types (21). In the adult pancreas, Pdx1 expression is restricted to the islets. 

Expression of other progenitor markers such as Ptf1a (p48) and Sox9 are activated 

shortly after Pdx1 during development (for review see (22)). However, expression of 

these two markers becomes restricted to the exocrine pancreas as development 

continues, and the cells begin to also express other, more specific, genes guiding them 

into a more differentiated cell type. Expression of Mist1, CPA1, Rbpjl, and others drive 

acinar differentiation (18, 23), while Hnf6 activation results in the formation of mature 

duct cells (24). Mature pancreas cells express a number of lineage-specific markers in 

addition to those transcription factors that maintain their differentiated status. Terminally 

differentiated islet cells are recognized by their hormone expression; acinar cells 

express a number of digestive enzymes such as amylase, elastase, and lipase; and 

duct cells express markers such as cytokeratin 19 (CK19).  

 

Histological characterization and progression of pancreatic tumors 

Pancreatic ductal adenocarcinoma tumors present with a glandular morphology 

of duct-like structures and range from well differentiated to poorly differentiated tumors. 

Tumor cells express an abundance of mucin, which correlates to the differentiation 
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status of the tumor - more differentiated tumors have more mucin - and express a 

variety of cytokeratin proteins (25). Additionally, pancreatic tumor cells acquire a 

progenitor-like state, indicated by the re-activation of embryonic programs and 

expression of progenitor markers (26). One of the most prominent characteristics of 

PDA tumors is the presence of the extensive desmoplastic stroma surrounding the 

tumor cells. Frequently, the components of the stromal compartment will outnumber the 

tumor cells. The microenvironment consists of a milieu of cell types including activated 

fibroblasts, a varied immune component, and vascular components. Interestingly, 

pancreatic tumors are extremely hypovascular. The decrease in vasculature throughout 

the tumor is thought to contribute to the difficulty in treating these tumors by impeding 

the delivery of chemotherapeutic agents from the blood stream (27)(for review see (28, 

29). Recent work in animal models has shown therapeutic benefit in targeting the 

various stromal components –from the extracellular matrix (30, 31) to immune cells 

(32)- of the tumor in conjunction with targeting the tumor itself. 

Histopathological studies have confirmed that pancreatic tumors are preceded by 

precursor lesions, and have subsequently identified three main types of precancerous 

lesions during pancreatic tumorigenesis: mucinous cystic neoplasms (MCN), intraductal 

papillary mucinous neoplasms (IPMN), and pancreatic intraepithelial neoplasia (PanIN) 

(26). In addition to these precursors, a new type of lesion, atypical flat lesion (AFL), has 

been identified in patients with a family history of the disease (33).  Of all the 

preneoplastic lesions, PanINs are the most common and best studied. The current 

consensus is that PanINs proceed through a number of stages, starting with lower-

grade PanIN1A and 1B, into more advanced grades PanIN2 and PanIN3, with the latter 
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referred to as carcinoma in situ. PanIN1A lesions are characterized by columnar 

epithelium and mucinous cytoplasm. As the duct-like structure of the PanINs becomes 

more irregular, with papillary projections into the lumen, the lesions are graded as 

PanIN1B. The nuclei of PanIN2 lesions are highly atypical and begin to lose their basal 

location. The cells of PanIN3 become stratified and some cells are detached into the 

lumen (34-36) (Figure 1.1). However, the presence of these precursor lesions does not 

necessarily indicate a resulting pancreatic tumor. Interestingly, low grade PanIN lesions 

are present in many older adults and occur at a much higher rate in the general 

population than pancreatic cancer (37).  

The exact cell of origin for pancreatic cancer may never be determined in the 

human; however, genetically engineered mouse models of pancreatic cancer (described 

in more detail below) have been used extensively to address this question. PDA was 

thought to arise from the ductal epithelial cells of the exocrine pancreas due to the duct-

like morphology and expression of ductal markers. Interestingly, studies in the mouse 

models have found that PDA rarely arises from duct cells (38, 39). However, under 

tissue damage or stress, such as pancreatitis, pancreatic cancer can potentially arise 

from insulin-expressing endocrine cells, although this is an infrequent occurrence, and 

more commonly from the acinar cells (38, 40). Moreover, further studies in mice have 

shown that acinar cells undergo acinar-ductal metaplasia (ADM), a step that is thought 

to possibly precede PanIN formation (41). Based on these studies in the rodent, the 

paradigm that identified the duct cell as the cell of origin is shifting as it is becoming 

more apparent that pancreatic ductal adenocarcinoma most likely arises from the acinar 

compartment.  
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Genetic mutations in pancreatic cancer 

Like many cancers, pancreatic tumors exhibit a number of genetic alterations and 

recently multiple groups have undertaken global genetic analysis of pancreatic tumors 

in order to gain a better understanding of the disease. Genomic analysis has confirmed 

known mutations in pancreatic tumor cells and identified novel pathways implicated in 

pancreatic cancer (42, 43). Additionally, gene expression analysis of numerous 

pancreatic tumors has revealed distinct tumor subtypes based on genetic 

characteristics rather than histology (44). This genetic distinction among tumors may 

further compound the difficulty of finding an effective therapy. Moreover, genomic 

characterization of pancreatic tumor cells has been used to determine the clonality of 

the primary tumor and its metastases. Following genomic analysis of primary human 

pancreatic tumors and their metastases, Yachida and colleagues were able to discern 

that pancreatic tumors consist of numerous subclones that arise from a parental clone 

within the tumor. The metastases were also determined to be subclones of the original 

primary tumor; however, the authors were not able to identify a metastasis-specific 

signature between patients (45). More recently, others have determined that 

approximately 50% of the mutations found in pancreatic tumors are shared in the 

neighboring advanced PanIN lesions (46). As a result, these studies provide a 

quantitative means to analyze the timing of tumor evolution, and therefore give insight 

into the genetics underlying pancreatic cancer progression  

Recent tumor genome sequencing studies have established the prevalence of 

mutant Kras in PanINs (47), and in pancreatic cancer (42, 48) with increased precision. 
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Results from these studies confirm previous findings that over 90% of early stage PanIN 

and invasive tumors express mutant Kras. It is interesting to note, however, that efforts 

to use mutant Kras as biomarker of pancreatic cancer have not been successful, as 

Kras mutations are common in an age-dependent manner even in people who are 

devoid of pancreatic malignancy (49-52). 

Kras is a GTP-ase and is a member of the Ras family of proteins along with Hras 

and Nras. During normal cellular homeostasis, Kras plays a role in a number of cellular 

functions such as proliferation, differentiation and survival. Upon growth factor 

stimulation, Kras binds GTP, facilitated by guanine nucleotide exchange factors (GEFs), 

thus activating it. Following signaling to downstream effectors, the GTP is hydrolyzed 

back to GDP. Kras itself is very inefficient at hydrolyzing the GTP back to GDP and 

therefore requires aid from GTPase activating proteins (GAPs). The most common Kras 

mutation is one amino-acid substitution in position 12 of the Kras protein, leading to a 

glycine (G) to aspartic acid (D) substitution, although other variants, such as glycine (G) 

to valine (V) are also common (for review see (53)). The mutations compromise the 

ability of the Ras protein to hydrolyze GTP to GDP, as well as interfere with the 

interaction between Kras and its GAPs, thus effectively locking the protein in an active 

conformation (Figure 1.2).   

While it is widely accepted that mutations in Kras occur early and are thought to 

drive tumorigenesis, progression into invasive and metastatic tumors is usually 

accompanied by other genetic alterations, such as the loss of tumor suppressors. Ink4a 

and p53 are two of the most commonly inactivated tumor suppressors in pancreatic 

cancer, occurring in as many as 90% and 75% of tumor samples respectively, and as 
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early as PanIN lesions (46, 54). In the normal cellular context, both proteins play a role 

in the maintenance of the cell cycle. Ink4a is part of the cyclin dependent kinase (CDK) 

inhibitor pathway and inhibits progression through the G1-S checkpoint. p53 also 

maintains the G1-S checkpoint, as well as regulates G2-M arrest and induces apoptosis 

during cell stress (55, 56). Loss of either of these proteins allows the cell to progress 

through the cell cycle, and in the case of loss of p53, survive and divide in the context of 

DNA damage, thus promoting the accumulation of other mutations. Another frequently 

inactivated gene in pancreatic cancer is Smad4, occurring in about 55% of cases (57).  

The transcription factor Smad4 is a central player in the transforming growth factor β 

(TGFβ) signaling pathway that functions in cellular growth and differentiation. Alterations 

in the TGFβ pathway have been shown to either promote or inhibit tumor growth 

depending on the cellular context (for review see (58)).  

Pancreatic cancer is frequently associated with the deregulation of embryonic 

signaling pathways, such as Hedgehog, Notch, and Wnt. In the normal adult pancreas, 

these pathways are expressed at low or undetectable levels; however, upon tumor 

progression, expression of pathway ligands and their transcriptional target genes 

become elevated and have been shown to promote tumorigenesis (59-61). Interestingly, 

in the case of Hedgehog signaling, pathway ligands secreted by the tumor cells act in a 

paracrine manner on the surrounding environment (62), indicating cross talk between 

the tumor and the stroma. Various studies have highlighted the necessity of these 

pathways in the progression of pancreatic cancer (63, 64) and therefore attention has 

been directed at targeting different components of these pathways as a treatment option 

(Figure 1.1). 
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Mouse models of pancreatic cancer 

Successful translation of basic research findings to the clinic necessarily relies on 

identifying appropriate pre-clinical models. Traditional subcutaneous transplantation of 

human cell lines in immunocompromised mice has been revealed to have poor 

predictive value. Orthotopic xenogrants have the benefit of representing individual 

human tumors if generated from primary clinical samples; however, they lack an intact 

microenvironment. For instance, orthotopic tumors have increased vascularization and 

drug penetrance compared to subcutaneous tumors (27). Moreover, these models lack 

an intact immune system. Genetically engineered mouse models (GEMMs) recapitulate 

the step-wise progression of the human disease and have an intact immune system and 

tumor microenvironment.  

Kras is well recognized as the driver of pancreatic cancer in the human setting; 

therefore, several different approaches were used to target expression of oncogenic 

Kras to the mouse pancreas as discussed previously (65). Arguably, the first models to 

mimic the human disease, specifically the progression of PanINs to invasive cancer, 

have been based on the expression of oncogenic Kras in a tissue-specific manner, and 

from the endogenous Kras locus.  The endogenous Kras-based models rely on Pdx1-

Cre (66) or Ptf1a-Cre (67) to obtain tissue-specific expression of oncogenic KrasG12D by 

Cre-mediated recombination of a stop cassette placed in the Kras locus (68). Both Cre 

strains drive expression of the recombinase in all the pancreatic lineages. However, 

Pdx-Cre is also expressed in the duodenum, while Ptf1a-Cre is exclusively pancreas-

specific within the gastrointestinal tract. Pdx1-Cre;LSL-KrasG12D and Ptf1a-Cre;LSL-



	   12	  

KrasG12D mice are generally referred to as KC (66, 69). KC mice express oncogenic 

Kras from the earliest stages of pancreatic embryonic development; however, they have 

a normal pancreas at birth.  PanINs are first noticed shortly after weaning, and they 

progress in grade and number over time. Thus, KC mice provided the first line of 

evidence that mutant Kras was sufficient for the initiation of pancreatic cancer.  

Progression to invasive pancreatic cancer occurs sporadically, and usually in 

older animals. KC mice have opened a whole field of pancreatic cancer research, as 

they have served as the basis to interrogate other signaling pathways and genetic 

events leading to pancreatic carcinogenesis (reviewed in (41)), as well as the effect of 

environmental factors. The slow progression to invasive disease, however, limited the 

use of these mice for pre-clinical studies. Based on the observation that tumor 

suppressor genes are usually lost or inactivated in the human disease, KC mice have 

been crossed with loss-of-function or mutant allele for Ink4a (70) or p53 (71). The latter, 

commonly known as KPC mice, are currently the most promising preclinical model in 

pancreatic cancer, thanks to the development of imaging techniques (such as high 

resolution ultrasound) that allow individual animals to be evaluated for the presence and 

size of tumors (27). While their response to standard of care therapies for pancreatic 

cancer can resemble that observed in human patients (72), it should be acknowledged 

that this may not always be the case and preclinical studies should be translated to 

human patients with caution. For instance, the promising response observed in GEMMs 

upon gemcitabine and Hedgehog pathway inhibitors in KPC mice (27) did not hold true 

in human patients enrolled in a recent clinical trial (http://phx.corporate-

ir.net/phoenix.zhtml?c=121941&p=irol-newsArticle&ID=1653550&highlight=). 
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While these mouse models of pancreatic cancer highly recapitulate the human 

disease, they possess distinct differences from the human that may be the cause of 

their limited translatability to the clinic. The KC/KPC models express the mutant form of 

Kras from the endogenous locus, thereby preventing overexpression of the oncogene. 

As a result, expression of Kras not only occurs during the early stages of development, 

but also in every epithelial cell of the pancreas, neither of which are representative of 

the human disease. Additionally, the KC model uses a G12D mutant form of Kras, and 

even though the glycine to aspartic acid substitution in Kras is one of the most common 

mutations in humans, it is not the only amino acid change found in cancer patients. 

Furthermore, the 12th residue is not the only location for Kras mutations and each 

location tends to favor a different amino acid substitution (53). In the case of the KPC 

mouse which utilizes a mutant form of p53 to reliably drive tumor formation, expression 

of both Kras and mutant p53 occur simultaneously, an event that does not happen in 

human tumor progression where Kras is mutated early in disease progression and p53 

is lost or mutated at more advanced stages. Genetically engineered mouse models are 

currently the best tool available for studying the underlying biology of pancreatic tumors; 

however, it is important to keep their caveats in mind when interpreting results.  

 

Kras activity in pancreatic carcinogenesis 

 The observation that Kras mutations occur at much higher frequency than 

pancreatic cancer in humans is recapitulated in mouse studies, where - although every 

single pancreatic epithelial cell expresses mutant Kras from early pancreas 

development - PanIN lesions occur sporadically and only several weeks after birth.  
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Thus, it emerges that additional events, whether genetic or epigenetic, need to occur to 

initiate carcinogenesis. Chronic pancreatitis is recognized as a risk factor for PDA in 

humans (6-8), and in mice, both acute and chronic pancreatitis have been shown to 

synergize with oncogenic Kras to drive the onset of carcinogenesis.  In mice that 

activate the expression of the KrasG12V mutant in the adult pancreas, carcinogenesis 

only occurs upon induction of chronic (73) or acute (74) pancreatitis. Moreover, even in 

KC mice, the induction of acute pancreatitis leads to rapid and extensive PanIN 

formation (75-77). The potential effect of acute pancreatitis on carcinogenesis is not as 

well understood in humans.  However, it is possible that even low, subclinical levels of 

local or systemic inflammation might promote the formation of PanINs, in the presence 

of mutant Kras.  Taken together, the current literature suggests that genetic events and 

environmental changes cooperate to induce pancreatic carcinogenesis. However, how 

these elements contribute to cancer onset in humans is not yet fully understood.   

Since pancreatic cancer is associated with a mutant, constitutively active form of 

Kras, it has been supposed that Ras activity is constantly high in tumor cells. However, 

studies in mouse models have led to the surprising observation that, even when mutant 

Kras is present in every single cell of the pancreas from the beginning of the organ’s 

embryonic development, the activity of downstream effectors of Kras is not elevated 

compared to the control pancreas. In fact, elevated activity of Kras effectors is first 

observed when the initial morphological alterations occur. Several recent studies have 

pointed to the need for positive feedback mechanisms to induce and maintain high Kras 

activity (78).  For instance, ligand-driven EGFR activation is sufficient to activate Kras 

signaling, and is required for pancreatic carcinogenesis at least during the initial stages 
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(79, 80). Other mechanisms of Kras activation include inflammatory stimuli such as 

those provided by the NfκB pathway (81), as well as IL6 (82). Finally, signaling 

pathways, such as Wnt, cross-talk with Kras to activate the MAPK cascade (83). The 

relative importance of these signaling pathways and their requirement at later stages of 

carcinogenesis need to be studied in further detail. If required in invasive tumors, 

upstream regulators of Kras might provide additional therapeutic strategies.  

 

The search for Kras inhibitors 

The prominence of Kras in pancreatic cancer has placed it in the spotlight as a 

prime target for therapeutics. While the ideal mechanism to prevent Kras signaling 

would be to directly block the GTP-binding site of Kras, efforts to develop a small 

molecule inhibitor against mutant Kras have largely been unsuccessful. However, a new 

allosteric pocket has recently been identified in the mutant Ras protein and utilized for 

the development of a group of small molecule inhibitors (84). The efficacy of these new 

compounds is specific to the KrasG12C mutant as the inhibitors bind to the cysteine 

residue of the mutant protein in order to interact with this newly identified binding 

pocket. The inhibitors prevent oncogenic Kras activity in two ways; first, they shift the 

nucleotide affinity of Ras to favor GDP over GTP, and second, they block interactions 

with downstream effector proteins (84). The identification of these new inhibitors is 

extremely promising; however, due to their specificity to the G12C mutation, not all Kras 

mutations can be targeted. Therefore, multiple groups have investigated the efficacy of 

targeting Kras indirectly.  



	   16	  

Following translation, Kras is farnesylated allowing the protein to associate with 

the membrane thus bringing it into contact with Ras activating proteins. At the 

membrane Kras is activated by Ras-GEFs, guanine nucleotide exchange factors, 

specifically SOS, which aids in Kras binding GTP. Farnesyltransferase inhibitors (FTIs) 

were initially thought to be the silver bullet for Kras inhibition due to the requirement for 

this post-translational modification for the subsequent activation of Kras. A number of 

FTIs have been tested in the clinic, such as Lonafarnib and Tipifarnib, and have 

predominantly proven unsuccessful for Kras-driven tumors (for review see (85)). This 

lack of success can be attributed to the differences between the three Ras proteins. The 

preclinical studies that induced most of the excitement for the potential of FTIs were 

performed on Hras-dependent tumors (86). In contrast to Hras, Kras, and to some 

extent Nras, can be geranyl-geranylated upon inhibition of the farnesyltransferase (87). 

This alternate post-translational modification provides Kras with an escape mechanism, 

enabling it to continue to associate with the membrane and its activating proteins.  

This failure of the FTIs to successfully prevent Kras activity and subsequent 

downstream signaling has prompted exploration of other means of Kras inhibition. 

Recently, multiple groups have investigated strategies to prevent Kras from reaching 

the membrane. One such inhibitor, Deltarasin, is a small-molecule that binds to the 

farnesyl-binding pocket of PDEδ (88). PDEδ interacts with farnesylated-Kras and aids in 

the translocation of Kras to the membrane (89). Therefore, interaction between 

Deltarasin and PDEδ allows for the farnesylation of Kras but prevents Kras from 

reaching the membrane. Another inhibitor, Salirasib, targets the localization of Kras to 

the membrane. In contrast to PDEδ inhibition, Salirasib blocks Kras activity by 
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dislodging the farnesylated protein from the membrane (90). Importantly, Salirasib has 

already shown potential as a Kras inhibitor in preclinical and clinical trials of pancreatic 

cancer (91).  

 In addition to the inhibitors designed to block Kras from reaching the membrane, 

others have devised means to prevent Kras activity at the membrane by inhibiting the 

interaction between Kras and its Ras-GEF SOS. Patgiri et al. have designed a small 

molecule alpha-helix, using the hydrogen bond surrogate (HBS) approach, that 

interferes with the Ras-SOS interaction and therefore blocks the exchange of GDP for 

GTP, subsequently decreasing Ras activity (92). Recently, it has been shown that Kras 

is acetylated, in addition to the aforementioned post-translational modifications, and the 

presence of the acetyl group prevents SOS from exchanging GDP for GTP. Strikingly, 

acetylation of mutant Kras (such as KrasG12V) attenuates proliferation, transformation, 

and survival of cells in vitro (93). This new discovery of Kras acetylation highlights 

another mechanism that can possibly be exploited to target and inhibit Kras activation 

(Figure 1.3). 

This recent surge of inhibitors that prevent Kras activity indirectly is extremely 

promising. These inhibitors allow for the normal post-translational modification of the 

oncoprotein, removing need for alternative processing, but prevent its activity by 

interrupting its localization to the membrane or block the necessary interactions with its 

activating proteins. However, in addition to the development of inhibitors targeting the 

protein, whether directly or indirectly, others are creating means by which to target the 

Kras on the genetic level. Recently, Zorde Khvalevsky and colleagues (94) have 

developed and utilized a biodegradable polymer matrix as a delivery mechanism for 
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siRNA that specifically targets oncogenic Kras. Their studies in preclinical mouse 

models are promising; they show this method not only allowed for the prolonged 

delivery of the siRNA to the tumor cells, but also the treatment with the siRNA blocked 

tumor growth and subsequently prolonged survival (94). Clinical success of inhibitors 

that target either the mutant gene or protein could dramatically change the therapeutic 

outlook for pancreatic cancer patients.  

 

Kras effector pathways 

Several effector pathways are activated downstream of Kras, in a context and 

tissue-specific dependent manner (for review, (53, 95-99)) (Figure 1.2).  The two 

pathways that have been studied most in detail in pancreatic cancer are MAPK and 

PI3K signaling. The MAPK pathway consists of a kinase cascade, whereby Raf kinases 

are activated by Kras and, in turn, activate MEK1/2. MEK kinases phosphorylate and 

activate ERK1/2 (for review, see (100)). MAPK signaling is active in PanIN lesions as 

well as in late-stage pancreatic cancer, both in human tumors and in mouse (66).  Two 

key lines of evidence indicate the importance of this pathway during carcinogenesis: 

forced activation of MAPK signaling through overexpression of a constitutive form of Raf 

leads to PanIN/PDA formation and, conversely, blocking MAPK signaling blocks the 

onset of carcinogenesis (79, 101).  In contrast, expression of a constitutively active form 

of PI3K did not induce PanIN formation (101). However, the latter finding has been 

contested more recently, as in a different context activation of PI3K signaling does 

induce pancreatic carcinogenesis, and inhibition of this pathway blocks carcinogenesis 

(102).  It is therefore possible that both pathways are important during disease 
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formation. The question remains however, as to the relative importance of those 

signaling pathways both during cancer formation and in advanced tumors. Moreover, 

eventual feedback mechanisms linking them have not been explored in pancreatic 

cancer, but they have been identified in other tumors and could lead to acquired 

resistance to inhibitors (103-105).  

Due to the minimal success of Kras inhibition and given that both MAPK and 

PI3K signaling are active in pancreatic cancer as well as a large number of other tumor 

types, small-molecule inhibitors for each pathway have been developed (Figure 1.3).  

The MAPK pathway can be blocked at the level of Raf (using drugs such as 

Vemurafenib, PLX4032); however, recent studies have highlighted that the efficacy of 

Raf inhibitors is highly dependent on the cellular context. Raf inhibition is effective in Raf 

mutant tumors (such as melanoma); in contrast, the use of Raf inhibitors in Kras mutant 

tumors results in the paradoxical upregulation of MAPK signaling. Specifically, in tumors 

bearing wild-type Raf but mutant Ras (such as pancreatic cancer), Raf inhibitors create 

feedback activation of MAPK signaling by inducing dimerization of cRaf with BRaf and 

subsequent interaction with the oncoprotein Kras-GTP (106-108).  Therefore, MEK 

inhibition has emerged as a more promising therapeutic strategy. Preclinical studies in 

both the KPC mouse model as well as patient-derived xenografts have shown blocking 

the MAPK pathway at MEK results in a decrease of cell proliferation and a halt in tumor 

growth (109, 110). Additionally, several MEK inhibitors are currently in clinical trials for 

other solid tumors (http://www.clinicaltrials.gov/).   

Inhibitors of both PI3K and AKT have also been developed (111). While inhibition 

of PI3K is complicated by the fact that there are multiple isoforms of the protein (for 
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review see (112)), and not all isoforms interact with Ras (113), preliminary studies in 

KPC mice show reduced proliferation and tumor growth upon PI3K inhibition (114). 

However, these results are not consistent across all preclinical models. Tumors in a 

xenograft model of pancreatic cancer were more sensitive to the blockade of MEK than 

PI3K (115), but treatment of xenografts with MEK and AKT inhibitors in combination 

increased the sensitivity of the tumors to radiation (116). The potential of MAPK and 

PI3K inhibition, alone or in combination, will likely be explored further in pancreatic 

cancer in the near future. 

In addition to the MAPK and PI3K pathways, other Kras effectors have been 

shown to be active and functionally linked to pancreatic carcinogenesis (for review see 

(117).  Inhibitors for components of those pathways, such as RalGDS, have also been 

described (118).  It will be one of the upcoming challenges to determine the relative 

importance of the different Kras effectors at different stages of the disease, and in 

individual cases of pancreatic cancer. 

 

Summary 

The oncogene Kras is mutated frequently and early during pancreatic 

carcinogenesis. Moreover, it has been shown to be a key driver in the initiation of the 

disease (66). As a result, numerous groups are currently considering this oncoprotein 

as a therapeutic target, but the efficacy of inhibiting mutant Kras still remains largely 

unknown. The goal of this thesis was to investigate the biological role of Kras during 

pancreatic tumorigenesis, and determine whether oncogenic Kras is required for the 

progression and the maintenance of pancreatic cancer.  
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Figure 1.1 
Histological and genetic progression of pancreatic cancer. The most common 
precancerous lesions of pancreatic tumors are pancreatic intraepithelial neoplasms 
(PanINs). These lesions are thought to progress from early grades 1A and 1B to more 
advanced 2-3 and eventually tumors. Tumorigenesis is also accompanied by the 
formation of a desmoplastic microenvironment. One of the earliest genetic events is the 
mutation of the oncogene Kras, followed by the loss of various tumor suppressors, such 
as Ink4a, p53, and SMAD4. Upregulation of developmental signaling pathways is also 
found to occur early in disease progression 
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Figure 1.2 
Ras signaling. In the normal cellular context (left panel), Binding of a growth factor to 
its receptor stimulates Ras to exchange GDP for GTP with the aid of a GEF, thus 
activating it. Ras signals to numerous downstream effector pathways. Following the 
transmission of its signal, Ras hydrolyzes, with help from a GAP, the GTP to GDP and 
becomes inactive once again. When Ras is mutated (right panel), it can no longer 
hydrolyze the GTP to GDP as efficiently and therefore remains active. Extended Ras 
activity results in the perpetuation of downstream signaling.  



	   23	  

Kras 
Kras* 

SOS 

Kras 

Raf 

MEK1/2 

ERK1/2 

PI3K 

PDK1 

AKT 

HSB3 Salirasib 

Deltarasin 

GDC0941 

Perifosine 

Lonafarnib 
Tipifarnib 

Vemurafenib 

Trametinib 

 

Figure 1.3 
Inhibitors of Kras and of its effector pathways.  Simplified scheme of Kras signaling, 
with representative inhibitors of signaling components indicated in red. The inhibitor list 
is not comprehensive.  
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CHAPTER 2 

ONCOGENIC KRAS IS REQUIRED FOR BOTH THE INITIATION AND 
MAINTENANCE OF PANCREATIC CANCER IN MICE2 

 

Abstract 

Pancreatic cancer is almost invariably associated with mutations in the KRAS 

gene, most commonly KRASG12D, that result in a dominant-active form of the KRAS 

GTPase.  However, how Kras mutations promote pancreatic carcinogenesis is not fully 

understood, and, most importantly, the requirement for oncogenic Kras in pancreatic 

cancer maintenance has not been established. To address these questions, we have 

generated two novel mouse models of inducible, tissue-specific and reversible 

expression of the oncogenic KrasG12D (Kras*) allele in the pancreas, which we have 

named iKras* (inducible Kras*) and iKras*-p53.   Here, we report that oncogenic Kras* 

reversibly alters epithelial differentiation during the earliest stages of tumorigenesis, 

whereas in established precursor lesions and during progression to cancer, Kras* is 

required for tumor cell survival.  Strikingly, during all stages of carcinogenesis, Kras* 

regulates several pathways that mediate paracrine interactions between epithelial cells 

and their surrounding microenvironment, thus promoting formation and maintenance of 

the fibro-inflammatory stroma that plays a pivotal role in pancreatic cancer.  Our data 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 Originally published as:	  Collins, M.A., Bednar, F., Zhang, Y., Brisset, J.C., Galban, S., 
Galban, C.J., Rakshit, S., Flannagan, K.S., Adsay, N.V., and Pasca di Magliano, M. 
2012. Oncogenic Kras is required for both the initiation and maintenance of pancreatic 
cancer in mice. J Clin Invest 122:639-653.	  
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establish that epithelial Kras* influences multiple cell types to drive pancreatic 

tumorigenesis and is essential for tumor maintenance, and strongly support the notion 

of inhibiting Kras*, or its downstream effectors, for the treatment of pancreatic cancer.

 

Introduction 

Pancreatic ductal adenocarcinoma (PDA), the most common form of pancreatic 

cancer, is one of the human malignancies with the worst prognosis.  Annually, the 

number of victims of the disease approaches the number of new diagnoses, and the 

average survival from diagnosis is less than 6 months (http://seer.cancer.gov and 

http://www.cancer.org/Research/CancerFactsFigures). Surgery is the best option for the 

minority of patients that present with localized disease at the time of diagnosis (about 

20% of the total), (1) but even those patients often succumb to local or metastatic 

recurrence (2, 3). Therefore, there is a dire need for new therapeutic approaches that 

are likely to be based on a better understanding of the biology of this disease.   

The KRAS oncogene is frequently mutated in human malignancies such as 

colon, lung and ovarian cancer. In pancreatic cancer, mutations in KRAS are found in 

over 90% of patient samples (4, 5). The most frequent mutation is the constitutively 

active KRASG12D allele (hereby referred to as Kras*) (for review see (6) and (7)).  

Interestingly, KRAS mutations are frequently detected in the most common precursor 

lesion to pancreatic cancer, Pancreatic Intraepithelial Neoplasia (PanIN), indicating a 

potential role early in the disease (8).  Mouse studies have provided compelling 

evidence that oncogenic Kras* is required for the formation of PanINs (9, 10). However, 

how Kras* contributes to PanIN progression and PDA maintenance has not been 
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addressed due to the lack of a suitable in vivo model. The role of oncogenic Kras* in 

tumor maintenance has been addressed in lung adenocarcinoma, where Kras* is 

required for tumor cell survival, even in advanced stages of the disease, and in the 

presence of additional genetic alterations such as loss of tumor suppressor genes (1).  

In addition, a subset of pancreatic cancer cell lines require Kras* activity for growth and 

survival (11, 12). However, a mouse model to study Kras* dependency in pancreatic 

cancer has so far not been developed. 

Here, we describe two new mouse models of pancreatic tumorigenesis defined 

by tissue-specific, temporally regulated and reversible expression of Kras*, with or 

without inactivation of one allele of the tumor suppressor gene p53, that we have named 

iKras* (for inducible Kras*) and iKras*-p53, respectively.  We use these new models to 

address the role of Kras* at several key stages during pancreatic carcinogenesis: PanIN 

initiation, established PanIN maintenance, and the development and maintenance of 

invasive pancreatic adenocarcinoma.  

 

Materials and Methods 

Mice: All animal protocols were approved by the University of Michigan University 

Committee on Use and Care of Animals (UCUCA).  Animals were housed in specific 

pathogen-free facilities of the University of Michigan Comprehensive Cancer Center. 

p48Cre (Ptf1a-Cre) mice (13) (used with permission from Dr Chris Wright, Vanderbilt 

University) were intercrossed with TRE-KrasG12D (Jackson Laboratories stock 

#004735) (1) and Rosa26-rtTa (Jackson Laboratories stock#005670) (14) mice to 

create inducible-Kras (iKras*) triple mutants: p48Cre; TRE-KrasG12D; Rosa26-rtTa. 
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iKras* mice were also crossed with p53 null mice to create iKras*-p53 quadruple 

mutants: p48Cre; TRE-KrasG12D; Rosa26-rtTa; p53+/- (Jackson Laboratories stock 

#002101) or with Gli1LacZ/LacZ (Jackson Laboratories stock #008211) mice to generate 

iKras*;Gli1LacZ/+. Combinations of single or double mutant littermates were used as 

controls.  LSL-KrasG12D mice were used with permission from Dr David Tuveson 

(Cambridge Research Institute, Cambridge, UK) and were bred with p48-Cre mice to 

generate KC double transgenics. A Kaplan-Meier survival curve was created from 

animals that had to be euthanized, according to animal protocol, or died during the time 

of the experiments. Statistical significance was established with a log rank test, carried 

out using GraphPad Prism version 5.00 for Windows, 

GraphPad Software, San Diego, California USA. 

Doxycycline treatment: Doxycycline (doxy) was administered in the drinking water, at 

a concentration of 0.2g/L in a solution of 5% sucrose, and replaced every 3-4 days.  

Induction of pancreatitis: Mice were subjected to two series of eight hourly 

intraperitoneal injections of caerulein (Sigma), at a concentration of 75ug/kg, over a 48-

hour period, as previously described (17). Littermate controls were injected in parallel 

with the experimental animals.  

Immunohistochemistry and Immunofluorescence: Pancreatic tissues from both 

experimental and control mice were fixed overnight in 10% neutral-buffered formalin, 

embedded in paraffin and sectioned. Embedding and sectioning was performed by the 

University of Michigan Cancer Center Histopathology Core.  Hematoxylin/eosin (H&E), 

periodic acid Schiff (PAS), Gomori’s Trichrome and Immunohistochemistry stains were 

performed as previously described (63). For a list of the antibodies used see Appendix 
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Table A1. Beta-Galactosidase staining was performed on tissues fixed in 4%PFA and 

embedded in OCT for cryo sectioning. Tissues were equilibrated in Rinse buffer 

(100mM sodium phosphate pH7.3, 2mM MgCl2, 0.01% sodium deoxycholate, 0.02% 

NP-40 w/v) for 10 min, then incubated overnight in X-gal stain solution (rinse buffer + 

1mg/ml X-gal, 0.5mM potassium ferricyanide, 0.5mM potassium ferrocyanide). Samples 

were post-fixed in 10% neutral-buffered formalin and counter-stained with FastRed. 

Images were taken with an Olympus BX-51 microscope, and Olympus DP71 digital 

camera, and DP Controller software. For immunofluorescence, FITC, Texas Red- 

labeled as well as AlexaFluor (Invitrogen) secondary antibodies were used.  Cell nuclei 

were counterstained with DAPI (Invitrogen, Carlsbad, CA).  The immunofluorescent 

images were acquired using the Olympus IX-71 confocal microscope and FluoView 

FV500/IX software.  

Quantitative RT-PCR:  Tissue for RNA extraction was prepared through overnight 

incubation in RNAlater-ICE (Ambion) at -20oC, then isolated using RNeasy Protect 

(Qiagen) according to manufacturer’s instructions. Reverse-transcription reactions were 

conducted using High Capacity cDNA Reverse Transcription kit (Applied Biosystems). 

Samples for QPCR were prepared with 1X SYBR Green PCR Master Mix (Applied 

Biosystems) and various primers, (sequences in Appendix Table A2). All primers were 

optimized for amplification under reaction conditions as follows: 95oC 10 min, followed 

by 40 cycles of 95oC 15 sec and 60oC 1min.   Melt curve analysis was performed for all 

samples after the completion of the amplification protocol. GAPDH was used as the 

housekeeping gene expression control.   

Histopathological analysis: The histopathological analysis was performed as 
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previously described. A minimum of 50 total acinar or ductal cluster were counted from 

at least three independent animals for each group (64). Five randomly selected, non-

overlapping high-power images (20X objective) were taken for each slide. Each cluster 

was classified as acinar, PanIN1A, 1B, 2, 3 or PDA based on the classification 

consensus (65).  

Quantification of pancreas size: Images of control and iKras* HE sections of 

pancreatic tissue were taken with a Leica MZFLIII dissection microscope and Olympus 

DP72 camera. Pancreatic tissue area was determined with Image Pro Plus v.4 

software. Averages of the area of the iKras* pancreata per timepoint were normalized to 

control averages to determine fold change.  

Proliferation analysis: Three randomly selected, non-overlapping high-power images 

(20x objective) were taken from Ki67 stained slides from 2-3 independent animals for 

each group. Nuclei positive for Ki67 were counted as actively proliferating cells. 

Epithelial and stromal compartments for each image were counted separately, and data 

was expressed as percentage of total counted nuclei for each compartment. Errors bars 

represent standard error.    

Active Ras pull-down assay: Pull-down of active Ras was performed using an Active 

Ras pull-down kit (Pierce). Protein bands were visualized on Kodak Biomax XAR film for 

15 sec-3min. Activity levels were normalized to total Ras as well as E-Cadherin levels 

using Image J software.   

Western Blot: Tissues were homogenized in RIPA buffer (Sigma R0278) and protease 

inhibitor (Sigma P8340). Equal amounts of protein were electrophoresed in 12% SDS-

PAGE gels, transferred to PVDF membrane (Bio-Rad). Membranes were blocked with 
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milk and primary antibody incubations were performed at room temp for 2 hours 

(pERK1/2, ERK1/2, and E-cadherin 1:1000 dilution). Secondary antibody HRP 

conjugated anti-rabbit (1:5000) was used and detected with Supersignal West Pico 

substrate (Thermo Scientific). Protein bands were visualized on Kodak Biomax XAR 

film. 

Magnetic resonance imaging: Mice were anesthetized with 1–2% isoflurane/air, and 

body temperature was maintained by blowing warm air through the bore of the magnet 

using an Air-Therm (World Precision Instruments, Sarasota, FL). MRI scans were 

performed using a 7 T Agilent (Palo Alto, CA) Direct Drive system with a quadrature rat 

head volumic coil (M2M, Cleveland, OH). Mice were placed supine in the coil, taped 

below the thoracic cavity on the bed to reduce respiratory motion. A subcutaneous 

catheter was placed into skin of the neck for delivery of contrast agent. Two T1-

weighted images were acquired before and 10 min after a subcutaneous bolus injection 

of Gd-DTPA (Gadopentetate dieglumine, Bayer HealthCare, Wayne, NJ) at a dose of 

0.7 mmol/kg using a spin-echo sequence, with fat saturation and the following 

parameters: repetition time (TR)/echo time (TE) = 757/15 msec, field of view (FOV) = 

25x25 mm2, matrix size = 128 × 128, slice thickness = 1 mm, number of slices = 25, no 

gap, interleaved and 4 dummy scns. T2-weighted images were acquired using a fast 

spin echo multi-slice sequence with TR/TE: 4000/30 ms, 8 echo trains, 2 kzero, 4 

averages, 2 dummy scans same geometry as the T1 sequences. Using in-house 

software, the tumor boundary was manually defined on each slice and then integrated 

across slices to measure the volume. 
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Random amplified polymorphic DNA analysis (RAPD). Genomic DNA was isolated 

from tumor and normal tissues from each animal using Qiagen DNeasy Blood and 

Tissue kit per manufacture’s instructions. Inter-SSR PCR was performed as described 

previously (66) using (CA)8RY, (CA)8RG, and (AAC)6Y primers. PCR products were 

separated with 2.5% agarose gels and visualized with SYBR Safe DNA gel stain 

(Invitrogen). 

 

Results 

The novel iKras* mouse model resembles the well-established KC (p48-Cre;LSL-

KrasG12D) model and mimics the progression of the human disease  

 We used three genetically modified mouse strains to generate the triple 

transgenic p48-Cre;R26-rtTa-IRES-EGFP;TetO-KrasG12D mice referred to hereafter as 

iKras* (for inducible Kras*). The p48-Cre, or Ptf1a-Cre allele (13) drives Cre expression 

mostly in a pancreas-specific manner, thus recombining a stop cassette preceding the 

reverse tetracycline transactivator (rtTa) IRES-EGFP cassette in the Rosa26 locus (14). 

Thus, rtTa, and EGFP, are expressed in the pancreatic epithelium during 

embryogenesis and into adulthood, even in cell types that down regulate p48 

expression in the adult, such as islet and duct cells (see Cre lineage tracing and EGFP 

expression in Figure 2.2A and 2.2B).  Once expressed, rtTa is inactive unless 

doxycycline (doxy) is administered in the animals’ drinking water (Figure 2.1A).  

Activation of rtTa leads to mutant Kras* expression from the TetO-KrasG12D (1) allele 

and its activation can be reversed by doxy withdrawal (Figure 2.1A), leading to a 
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system that allows for organ specific, temporally regulated and reversible expression of 

Kras*.  

We first conducted a series of experiments to compare our iKras* mouse with the 

well-established p48-Cre;LSL-KrasG12D model (hereby referred to as KC) (9, 10, 15).  

The expression of Kras* is differentially regulated in the two models, since the 

oncogene is expressed from the endogenous Kras locus in KC mice, and from an 

artificial transgene in iKras* mice. Moreover, in the KC model Kras* is activated during 

embryogenesis.  In iKras* mice we chose to express Kras* in adult mice (4 to 6 weeks 

of age) and tissues were harvested after 72 hrs, 1 week, 3 weeks, 18 weeks and 23 

weeks (Figure 2.2C). Doxy administration in control animals did not result in any 

detectable pancreatic phenotype (Figure 2.2D, compare with wild type in Figure 2.1C). 

The iKras* pancreata appeared completely normal up to 1 week following Kras* 

induction. However, at 3 weeks we observed rare areas of acinar-ductal metaplasia 

(ADM) and low-grade PanINs in 1 out of 3 mice (Figure 2.1D and Figure 2.2D). 

Unequivocal PanINs, surrounded by areas of fibrosis and embedded in the acinar 

parenchyma were observed after 18 weeks on doxy (Figure 2.2D), and by 23 weeks, 

large areas of the pancreatic parenchyma were substituted with PanIN lesions of 

different grade with frank adenocarcinoma being observed in 1 out of 2 animals (Figure 

2.2D, rightmost column).  

Previous reports have shown that induction of chronic or acute pancreatitis acts 

synergistically with oncogenic Kras* in driving carcinogenesis (16-18).  Therefore, in a 

second set of experiments we induced acute pancreatitis in adult mice by injecting them 

with the cholecystokinin analog caerulein.  We used age-matched wild type, KC  and 
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iKras* mice with or without doxy.  In the absence of doxy (Kras* OFF), caerulein 

treatment in iKras* mice leads to pancreatitis-specific changes such as acinar-ductal 

metaplasia (ADM) and infiltration of inflammatory cells; however, the damage 

completely resolved within 3 weeks (Figure 2.3A and 2.3B) as in wild-type animals 

(Figure 2.3C). By contrast, recovery from pancreatitis was impaired in KC mice as well 

as in iKras* mice treated with doxy starting 72 hrs prior to the induction of pancreatitis 

and maintained with doxy for the duration of the experiment (see scheme in Figure 

2.1B). At 2 days and at 1 week post-pancreatitis, both iKras* and KC mice pancreata 

presented with acinar-ductal metaplasia (Figure 2.1F; Figure 2.3D) with progressive 

accumulation of fibrotic stroma (Figure 2.1G), but no evidence of the intracellular mucin 

accumulation that characterizes PanIN lesions (Figure 2.1H; Figure 2.3D).  At 3 weeks 

post-pancreatitis, in both iKras* and KC mice, the whole pancreatic parenchyma was 

replaced by ductal structures (Figures 2.1E and 2.1F; Figure 2.3D) surrounded by 

collagen-rich stroma (Figure 2.1G). The epithelial cells showed intracellular mucin 

accumulation (Figure 2.1H; Figure 2.3D), and strong positive membrane Claudin-18 

staining, a marker that specifically differentiates PanIN and PDA from reactive ducts in 

human and mouse (Figure 2.3E) (19) (20); thus, we identify them as PanINs and refer 

to them as such throughout the text.  Our classification of these morphologic lesions as 

PanINs is consistent with previous publications using the caerulein model (17, 18) and 

activation of oncogenic Kras* in adult animals (21). As expected, the MAPK/ERK 

pathway was active in PanINs, as determined by strong nuclear and cytoplasmic 

phospho-ERK1/2 staining (Figure 2.3F), thus demonstrating that Kras* is biologically 

active in the epithelial cells.  In both models, abundant proliferating cells were present 
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both in the epithelial compartment and in the stroma (Figure 2.3G). The results of this 

first set of experiments show that the iKras* mouse model closely recapitulates the 

kinetics of PanIN formation and progression of the well-established KC model, both with 

and without induction of pancreatitis. 

In order to determine the effect of expressing oncogenic Kras* for a longer time 

period, we harvested iKras* mice 5 weeks post-induction of pancreatitis, and found that 

the pancreatic parenchyma was replaced by low and high-grade PanIN lesions (Figure 

2.1E and Figures 2.1F-H, right-most column) interspersed with areas of carcinoma in 

situ (PanIN3).  In a series of aging experiments, the iKras* mice were kept on doxy for 

up to 17 weeks after induction of pancreatitis without developing invasive disease. This 

finding was consistent with those observed in a cohort of KC mice for the same period 

of time and support the notion that oncogenic Kras* inefficiently drives pancreatic 

adenocarcinoma (9, 10). 

 

Oncogenic Kras is required for PanIN maintenance  

We took advantage of the reversibility of Kras* expression in the iKras* model to 

address whether Kras* activity is continuously required during pancreatic 

carcinogenesis. For this purpose, we kept iKras* mice on doxy for 23 weeks, until the 

pancreatic parenchyma was largely composed of PanIN lesions, fibro-inflammatory 

stroma, and interspersed acini (Figure 2.2E). Then, the mice were placed on doxy-free 

water, and tissues were harvested after 2 weeks.  The pancreata in those animals 

appeared fibrotic, atrophic, and largely populated by acini with some scattered, focal 

areas of ADM (Figure 2.2E and 2.2F), with little evidence of inflammation or presence 
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of PanIN lesions.  Thus, these animals showed reversion of PanINs, indicating that 

Kras* is indeed required for PanIN maintenance. 

 In order to study PanIN regression in more detail, we elected to use acute 

pancreatitis induction with caerulein, as previously described, to trigger consistent, 

tissue-wide PanIN formation, thus eliminating variability in PanIN onset among 

individual mice.  Kras* expression was induced by doxy administration in adult mice (3-5 

weeks old). The mice were continuously kept on doxy (Kras* ON) starting 72 hours 

before induction of acute pancreatitis and for 3 weeks following the caerulein treatment. 

Then, we inactivated oncogenic Kras* expression by returning the animals to normal 

water (Kras* OFF), and harvested their pancreata at subsequent time-points as 

indicated in the scheme in Figure 2.4A. Transgene regulation was confirmed by qRT-

PCR analysis for Kras* (Figure 2.4B). We also directly measured the levels of Ras-

GTP, the active form of the protein, by Ras-GTP pull-down assays. We used pancreata 

extracted from wild-type mice and KC mice 3 weeks post pancreatitis, and iKras* mice 

post-pancreatitis with Kras* ON for 3 weeks and Kras* OFF for 2 days, 3 days, and 2 

weeks. Figure 2.4C shows a representative assay:  Ras-GTP levels were significantly 

increased in the pancreatic epithelial compartment of KC and iKras* mice compared to 

wild-typet mice. Ras-GTP levels were normalized to total Ras expression (Figure 2.4D), 

and to E-cadherin expression (Figure 2.4E), a pan-epithelial marker that allowed us to 

correct for the possible confounding presence of differing amounts of tumor stroma in 

the individual samples. The Ras-GTP levels in KC and iKras* mice were comparable 

(KC/wt ratio=6.6±2.1; iKras*/wt=5.9±1.6).  In iKras* mice, Ras-GTP was rapidly down-

regulated upon doxy withdrawal (iKras*OFF 3 days/wt: 1.2+/-0.8 and iKras*OFF 2 
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weeks/wt 0.7+/-0.8). Phospho-ERK1/2 levels were also comparable in KC and iKras* 

mice, but were rapidly down-regulated in the latter following Kras* inactivation (Figure 

2.4C and 2.4G).  Our results are consistent with the previously published analysis of the 

TetO-KrasG12D transgene in the lung (1), where mRNA expression levels from the 

transgene were comparable with those of the endogenous locus, and likely explain the 

similar phenotype in the KC and iKras* models. 

The analysis of the tissues harvested 2 and 3 days after doxy removal revealed 

widespread replacement of PanINs with ADM interspersed with pancreatic acini (Figure 

2.4F, second and third column) and PAS staining was progressively reduced (Figure 

2.5A).  Strikingly, by 2 weeks after doxy removal, the pancreas was of normal size 

(Figure 2.4H) and appearance, and was largely populated by acinar clusters (Figure 

2.4F and 2.4I). We proceeded to determine whether the tissue had recovered its normal 

characteristics also in terms of gene expression and activity. Analysis of phospho-

ERK1/2 levels, as a readout of the MAPK/ERK pathway, found it to be rapidly 

inactivated in the epithelial cells upon doxy withdrawal (Figure 2.4G).  Intriguingly, we 

observed a surge of MAPK/ERK activity in the stroma during the remodeling process.  

The expression of other PanIN markers, such as the ductal genes CK19 and Muc1, 

were also rapidly down-regulated upon Kras* inactivation (Figure 2.5B and 2.5C).  

In order to determine whether the requirement for Kras* activity changes over 

time, we performed another series of experiments keeping iKras* mice on doxy for 5 

weeks following induction of pancreatitis. At this time-point, when the pancreas is 

largely composed of PanIN lesions surrounded by active stroma, we returned the mice 

to regular water, thus inactivating Kras* (Figure 2.6A).  We collected tissues at several 
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time-points following removal of doxy (see scheme in Figure 2.6A).  Ras-GTP 

expression decreased upon doxy withdrawal (Figure 2.6B), even though the 

downregulation was slower than what observed at the 3 week time-point (compare with 

Figure 2.4C). In fact, these tissues did not appear to be undergoing significant changes 

at 2 and 3 days following Kras* inactivation, based both on histology and expression of 

PanIN markers (Figures 2.6C). The dynamics of tissue remodeling appeared 

dramatically different than in the 3 week set: PAS positive PanIN lesions persisted 2 

and 3 days after Kras* inactivation (Figure 2.5D). By 2 weeks post doxy withdrawal 

(Kras* OFF) only a small remnant of the pancreas was present (see quantification of 

pancreas size in Figure 2.6E).  We observed partial acinar cell recovery, as well as 

occasional pancreatic lipomatosis (a common reaction to epithelial cell death in the 

pancreas) (22), and areas of acinar-ductal metaplasia (Figure 2.6C and 2.6F). In 

addition, phospho-ERK1/2 and Claudin-18 levels were rapidly down-regulated  in most 

epithelial cells (Figure 2.6D and 2.6G), even though a surge of phospho-ERK1/2 in the 

stroma was transiently observed. Aberrant expression of CK19 in the basolateral 

membrane of epithelial cells, and intracellular accumulation of Mucin 1 (Muc1) were 

frequently observed with Kras* ON; upon Kras* inactivation, both CK19 and Muc1 

gradually returned to their normal subcellular localization, with apical accumulation in 

ductal cells (Figure 2.5E and 2.5F). The expression pattern and level of most other 

markers were largely comparable to normal pancreas (Figure 2.7A-F), In addition, we 

observed β-catenin accumulation in PanIN lesions, and expression of EGFR family 

members, consistently with previous work in human and mice (23-27).  All of these 

changes were reversed upon Kras* inactivation (Figure 2.8A-C).  Taken together, our 
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data indicated that while PanIN lesions could not persist once Kras* was inactivated, the 

repair process was not complete and left a small, fibrotic pancreas with fewer acini than 

expected. 

In order to determine whether complete pancreatic repair was delayed, and could 

be achieved over time, additional pancreata were harvested 5 weeks following Kras* 

inactivation. At this time-point, we did not observe evidence of persisting PanINs; 

however, the pancreas at histological analysis appeared fibrotic (Figure 2.6C), and had 

not increased in size back to control levels (Figure 2.6E).  

 

Mechanism of PanIN regression and epithelial tissue repair 

Due to the rapid and dramatic recovery of the pancreas upon inactivation of 

Kras* following its expression for 3 weeks, we evaluated whether this recovery might be 

due to death of the cells forming PanIN lesions, followed by active proliferation of 

residual acinar cells that had not undergone recombination within the tissues, a 

mechanism that has been described following pancreatic damage in absence of 

Kras*(28, 29). However, staining for cleaved Caspase 3 did not show any significant 

changes in the number of apoptotic cells over time upon Kras* inactivation (Figure 

2.9A). Moreover, proliferation analysis using the Ki67 marker showed little proliferation 

immediately following Kras* inactivation, and active proliferation of acinar cells only at 

later time-points (Figure 2.9B).  Proliferation of the newly formed acinar cells is likely to 

play a role in the later phases of tissue repair, thus explaining the increase in pancreas 

size between 3 days and 2 weeks after Kras* inactivation (Figure 2.4H). We also found 

that EGFP (linked to rtTa expression in the R26-rtTa transgene, see Figure 2.1A) was 
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expressed in the epithelial compartment both before and after Kras* inactivation (Figure 

2.10A), indicating that the newly formed acini derived from cells that had expressed rtTa 

and EGFP, and thus Kras*.  

Kras* has been hypothesized to prevent ductal to acinar re-differentiation 

following pancreatitis-induced acinar-ductal metaplasia, thus acting as a barrier to tissue 

repair and maintaining the epithelial cells in a differentiation state that is possibly more 

prone to neoplastic transformation (7, 17).  Therefore, we investigated the differentiation 

status of the pancreatic cells during Kras* expression and upon Kras* inactivation. 

PanIN lesions express the ductal marker CK19 (Figure 2.9C) and do not express the 

acinar cell marker amylase. By contrast, at 2 and 3 days post doxy withdrawal, we 

frequently observed cells with mixed acinar-ductal differentiation, co-expressing the 

ductal and PanIN marker CK19 and the acinar marker amylase (Figure 2.9D and 2.9E).  

By 2 weeks after Kras* inactivation, these intermediate cell types were substituted by 

acini expressing amylase, while CK19 was confined to the ducts (Figure 2.9F), possibly 

indicating that the PanIN regression occurs by reprogramming of PanIN cells into acinar 

cells, and explaining the complete recovery notwithstanding the limited regenerative 

potential of the pancreas (30).  Quantification of the cell types present at different time-

points further disproved the possibility that residual acinar cells had repopulated the 

pancreas: upon Kras* inactivation, the number of acinar cells increased more than 20-

fold in 48 hrs, an increase that could not be explained by cell division alone in any 

mammalian cell (Figure 2.9G). 

In order to obtain additional insight into the repair process, we addressed the 

expression of pancreatic progenitor markers in the PanINs and during the regression 
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process.  PanIN lesions expressed a subset of genes that are associated with 

pancreatic progenitors and with maintenance of an undifferentiated status (31-33) and 

reactivated in pancreatic cancer (9, 34), such as Sox9, Pdx1 and Hes1, a Notch 

signaling component and target gene (Figure 2.10B-D). The expression of those 

markers was maintained during the initial recovery stages, in structures with mixed 

acinar and ductal differentiation, and was repressed once full recovery has been 

obtained (Figure 2.10B-D). Taken together, our data support the hypothesis that Kras* 

is altering the differentiation status of pancreatic epithelial cells, derailing the repair 

process following pancreatitis.  

We next addressed the mechanism of the recovery process in mice where Kras* 

had been kept on for 5 weeks following pancreatitis.  In sharp contrast with the 

observations at the 3 week time point, here we observed a dramatic increase of 

apoptotic cells (cleaved Caspase 3-positive) upon Kras* inactivation (Figure 2.11A). 

This observation is consistent with the smaller size of the pancreas in these animals 

(Figure 2.6E). We then assessed the proliferation index by Ki67 immunostaining. In the 

presence of oncogenic Kras*, both the epithelial cells and the surrounding stroma are 

Ki67-positive (Figure 2.11D and 2.11E). Following Kras* inactivation, the overall 

proliferative index was unchanged, however the proliferation was confined to the acinar 

compartment.  In contrast, proliferation in the stroma was rapidly down-regulated. Using 

EGFP-based lineage tracing we were able to determine that the vast majority of the 

epithelial cells in the tissue after Kras* inactivation derive from cells that had previously 

expressed the Kras* transgene (Figure 2.11B) rather than repopulation of the pancreas 

from acinar cells that had not undergone Cre recombination and thus never expressed 
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the Kras* transgene. Thus, some limited re-differentiation of ductal to acinar cells might 

play a role in the repair process, but this was not as prominently observed as in the 

earlier time points (Figure 2.11C and compare with Figure 2.9C-F). Finally, the 

expression of Sox9 and Pdx1 is down-regulated during the repair process (Figure 2.7A 

and 2.7B) however, this does not occur as rapidly as seen after the earlier 3 week time-

point. The limited proliferative capability of adult pancreatic cells might account for the 

incomplete repair process. Nevertheless, the mice at this stage appeared healthy and 

showed no sign of pancreatic insufficiency. 

 

Interactions between the epithelial cells and their microenvironment are regulated 

by oncogenic Kras  

In early PanIN lesions, inactivation of Kras* is accompanied by reversal of 

enhanced proliferation in the stroma, (Figure 2.9B) and complete remodeling of this 

compartment within two weeks (Figure 2.12A).  Even though the remodeling of the 

stroma was not complete in tissues where Kras* had been inactivated at the 5 week 

time-point, rapid down-regulation of proliferation in the stroma was evident (Figures 

2.11D and 2.11E).  We therefore investigated whether Kras* activity is required to 

maintain the extensive fibro-inflammatory stroma that is a hallmark of pancreatic cancer, 

and has been proposed to mediate its resistance to treatment (35). The pancreatic 

cancer stroma is largely composed of vimentin- and SMA-positive cells of mesenchymal 

origin.  SMA is a marker of activated fibroblasts, and is not expressed in the quiescent 

pancreatic stellate cells, the resident mesenchymal cell population in the pancreas.  As 

expected, the stroma surrounding PanIN lesions in the iKras* pancreata was SMA- and 
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vimentin-positive with Kras* ON (Figure 2.13A and Figure 2.12B). Interestingly, while 

vimentin expression remains unaltered following Kras* inactivation, SMA is rapidly 

down-regulated. Loss of SMA expression precedes remodeling of the stroma, both in 

the 3 week and in the 5 week tissues.  In the 5 week tissues, the fibrotic areas that 

persist are SMA negative and non-proliferative, features consistent with scar tissue. 

Thus, our data indicate that Kras* activity in the epithelium is required to maintain the 

surrounding active stroma. 

One of the key signaling pathways mediating epithelial-mesenchymal interactions 

in pancreatic cancer is Hedgehog signaling. The Hedgehog signaling pathway is 

deregulated during the onset of pancreatic cancer (36-38) since, unlike normal 

pancreatic epithelium, PanIN and pancreatic cancer cells secrete the Hedgehog ligands 

Shh and Ihh.  The Hedgehog ligands act in a paracrine manner to activate signaling in 

the stroma (39), and activation of the pathway has been linked to stroma expansion and 

induction of its tumor-promoting ability (35, 40).  

 In iKras* tissues, Shh expression was induced upon Kras* activation and its 

expression was dependent on continuous Kras activity (Figure 2.13B and 2.13C).  We 

also quantified the expression of Shh, Ptch1, and Gli1, both pathway components and 

target genes, and Gli2, that together with Gli1 mediates the transcriptional output of the 

Hedgehog pathway, by qRT-PCR. Shh and Gli2 expression was strictly Kras* 

dependent, while Ptch1 did not significantly change and Gli1 persisted after Kras* 

inactivation (Figure 2.13C). In order to determine which cell compartment had active 

Hedgehog signaling, we generated iKras*;Gli1LacZ/+ mice, where one copy of the Gli1 

gene was replaced by LacZ, and analyzed their pancreata 3 weeks after inducing 



	   52	  

pancreatitis and Kras* expression (See Experimental Design in Figure 2.13D), when 

PanINs were prevalent (Figure 2.13E). In these animals, the fibroblasts surrounding the 

epithelial lesions were LacZ positive (Figure 2.13F). LacZ expression overlapped with 

SMA positive cells, but not with cells expressing the epithelial markers CK19 or amylase 

(Figures 2.13G and 2.13H). We also collected tissues in iKras*;Gli1LacZ/+ mice 3 days 

after Kras* inactivation, at a stage when SMA expression starts being down-regulated, 

and found that Gli1 was still highly expressed in the stroma surrounding the acinar-

ductal clusters (Figures 2.13F-H). Thus, Gli1 expression persists following fibroblast 

inactivation, indicating that, even though Hedgehog signaling is one of the pathways 

that mediate the paracrine interactions between the epithelial cells and the stroma, it is 

not the only component involved in a likely complex regulatory mechanism.  

In addition to fibroblasts, the pancreatic cancer stroma is rich in inflammatory 

cells.  This is not surprising as several inflammatory cytokines are up-regulated in 

PanIN lesions. We therefore investigated the expression of mediators of inflammatory 

pathways that have been shown to be important for pancreatic cancer tumorigenesis.  

Cox2 is overexpressed in PDA, and forced overexpression in mice has been shown to 

be sufficient to induce pancreatic dysplasia (41, 42).  More recently, IL-6 and its 

downstream effector phospho-Stat3 have been shown to be important not only during 

the initial stages of pancreatic cancer development, but also in advanced disease (18, 

43, 44). As previously observed in other mouse models of PDA (9) and in human 

tumors, Cox2, IL-6 and phospho-Stat3 were expressed in the PanIN lesions of iKras* 

mice, and their expression was reduced upon Kras* inactivation (Figure 2.7E and 

Figure 2.12C-E). In addition, MMP7, a matrix metalloproteinase that is expressed in 
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human (45) and mouse pancreatic cancer (9) was expressed in the PanIN lesions of the 

iKras* mice (Figure 2.7F and Figure 2.12F), but down-regulated upon Kras* 

inactivation.  

Taken together, these data show that fibroblast activation, inflammatory cell 

infiltration and production of enzymes that might remodel the extracellular matrix are 

regulated by Kras* both during the initiation of pancreatic carcinogenesis and once 

PanIN lesions are established thus highlighting a novel role for oncogenic Kras is 

required in the maintenance of the stroma.   

 

Role of oncogenic Kras in pancreatic adenocarcinoma   

As previously stated, PanIN lesions in iKras* animals do not progress to invasive 

pancreatic adenocarcinoma (PDA), at least in the time frame considered.  In the KC 

model, development of PDA has been shown to require not only Kras* mutation but also 

inactivation of at least one tumor suppressor gene (10, 46, 47).  The iKras* mouse was 

crossed with p53 null mice (48) in order to obtain iKras*-p53 mice, where one allele of 

p53 is inactivated while the other allele is present in its wild-type form. Following the 

experimental design described above, PanIN formation was induced in iKras*-p53 mice 

by activating Kras* expression with doxy followed by induction of acute pancreatitis. In a 

first cohort of animals, the tissue was harvested after 5 weeks (Figure 2.14A). The 

pancreata of iKras*-p53 mice presented with PanINs (Figure 2.14B, left column), 

dilated ducts with presence of intracellular mucins and extensive fibroinflammatory 

stroma.  Ras pathway activation in the tissues was verified by phospho-ERK1/2 staining 

(Figure 2.14C), and both epithelium and stroma were found to be highly proliferative 
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(Figure 2.14D). In a subset of the animals where Kras* had been expressed for 5 

weeks, doxy was removed to inactivate Kras* and the pancreata were harvested 2 

weeks later.  At dissection, the pancreata appeared as a small, translucent remnant of 

tissue, without the characteristic fibrotic appearance characteristic of pancreata bearing 

PanIN lesions.   Histological analysis verified the absence of PanIN lesions within two 

weeks post Kras* inactivation (Figure 2.14B, right column). However, the pancreata of 

iKras*-p53 mice do not return to their normal morphology and histology following Kras* 

inactivation.  Rather, the tissue was characterized by normal acini interspersed with 

dilated ducts and acinar-ductal metaplasia and surrounded by fibrosis and occasional 

lipomatosis (Figure 2.14B), but with a minimal inflammatory infiltrate. Epithelial 

phospho-ERK1/2 was inactivated in the epithelium, but still detectable in the stroma 

following Kras* inactivation (Figure 2.14C, right column). The proliferation index was 

dramatically reduced following removal of doxy (Figure 2.14D, right column) with only 

acinar cells staining positive for Ki67, and no staining in ductal structures nor in the 

fibrotic tissue. 

Since no bona fide PDA was observed in the 5-week cohort, a second cohort of 

animals was reserved for an aging experiment (Figure 2.14F). Between 8 and 18 

weeks after Kras* activation, the animals in this iKras*-p53 cohort (n=9) died or needed 

to be euthanized due weight loss and a deteriorating clinical condition, in accordance 

with the animal protocol guidelines, while all iKras* controls (n=35) included in this 

experiment reached this age without clinical sign of disease (see survival curve in 

Figure 2.14K). The difference in survival between the two cohorts was determined to be 

highly significant, with a p-value of 0.0008 in a log-rank test. At necropsy, the pancreata 
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of these animals demonstrated invasive adenocarcinoma, in some cases accompanied 

by hemorrhagic ascites, with admixed poorly differentiated and well-differentiated areas, 

and duodenal invasion (Figure 2.14G, left column). The tumors presented with rare 

PAS positivity (Figure 2.14G, left column, inset), strong phospho-ERK1/2 positivity and 

proliferation in both the epithelial and the stromal compartments (Figure 2.14H and 

2.14I).  

In some of the sickly animals, Kras* was inactivated by interrupting doxy 

administration. The animals in this cohort that were removed from doxy returned to 

good health; the animals that were kept on doxy inevitably died shortly after (see 

survival curve in Figure 2.14K). At dissection, (2 weeks following Kras* inactivation), 

the pancreata appeared indistinguishable from the 5 week cohort described above, an 

atrophic pancreas with acini interspersed by residual fibrosis (Figure 2.14G, mid-

column), and no or little PAS staining (Figure 2.14G, inset).   MAPK activation, 

measured as phospho-ERK1/2 level, was only rarely observed in epithelial or stromal 

cells (Figure 2.14H), and proliferation in the stroma was almost completely abrogated, 

while some of the acini remained Ki67 positive (Figure 2.14I).  In order to confirm the 

tumor regression within the same animal over time, we performed Magnetic Resonance 

Imaging (MRI) on iKras*-p53 animals (n=4) before (when showing clinical signs of 

disease) and after Kras* inactivation.  In the presence of active Kras*, we observed a 

tumor mass in the head of the pancreas or, occasionally, in the pancreas tail. Upon 

Kras* inactivation, the pancreatic mass regressed, leaving a small pancreatic remnant 

(Figure 2.14L, mass in the head of the pancreas and regression, and Figure 2.15A, 

mass in the tail of the pancreas, and regression).  
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Together, our data indicate that Kras* is required for cancer maintenance, 

suggesting that Kras* and/or its downstream effectors are potential therapeutic targets 

in this disease.  In order to determine whether Kras*-independent cells had persisted 

that could lead to cancer recurrence, iKras*-p53 mice that had been on doxy for 10 

weeks were taken off doxy and observed over time.  Mice that were kept off doxy (Kras* 

OFF) for 23 weeks were healthy, with no evidence of relapse. We harvested the tissues 

and confirmed that there was no residual or recurring disease; a few mucinous ducts 

present in the pancreas were PAS negative (Figure 2.14G right column, see inset), and 

were identified as ectopic Brunner glands.  

Analysis of tumors from iKras*-p53 mice showed loss of expression of the wild-

type allele of p53 (Figure 2.15B and 2.15C). Nuclear accumulation of a phosphorylated 

form of Histone 2A (γ-H2AX) reflects oncogenic stress that can associated to genomic 

instability (49) and is a common feature of human and mouse PDA (50).  Analysis of 

tissues from iKras*-p53 mice revealed nuclear expression of γ-H2AX, both in the 

epithelial cells and in the stroma (Figure 2.14E and 2.14J). Upon Kras* inactivation, γ-

H2AX expression is strongly reduced and, when present, confined to the cytoplasm, 

most likely in dying cells, where the integrity of the nuclear membrane is compromised 

(Figure 2.14E and 2.14J).  In order to determine whether oncogenic stress was 

associated with genomic instability in our samples, we performed DNA fingerprinting 

(51, 52) to detect genetic alterations in the tumors compared with matched genomic 

DNA from the same mouse.  Our results indicate the presence of genomic instability in 

the tumors (Figure 2.15D). Interestingly, some of the tumor-specific bands became 

undetectable upon Kras* inactivation, indicating that the cells carrying those genetic 
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alterations did not persist.  Taken together, our data indicate that Kras* activity is still 

required in pancreatic cells that have accumulated genetic damage and have lost 

expression of tumor suppressor genes.  

 

Discussion   

A new approach to model Kras inhibition in pancreatic cancer   

Mouse models are widely used to study the events that lead to cancer formation, 

and have represented a powerful tool for new discoveries (15, 53).  Since most cancer 

patients are diagnosed with advanced disease, models that mimic Kras* inhibition in the 

advanced stages of cancer are particularly relevant to the human disease.  In particular, 

a key point is to determine which oncogenes are important during the initiation and 

progression phases of cancer versus cancer maintenance.  The term “oncogene 

addiction” has been used to describe the need for cancer cells to maintain the activity of 

oncogenes even after additional genetic and epigenetic events have occurred (54).  The 

concept has been validated in an elegant model of pancreatic islet tumors driven by 

myc overexpression, where oncogene inactivation leads to tumor regression (55).  

Oncogenic addiction for Kras* has been studied in lung adenocarcinoma (1), where 

tumors remain Kras*-dependent even in the presence of other genetic alterations.  

However, whether those findings can be extended to pancreatic adenocarcinoma, a 

tumor type characterized by activation of several signaling pathways (4) and by the 

extensive accumulation of desmoplastic stroma, had so far not been addressed. 

Expression of mutant Kras* from its endogenous locus using the LoxP-STOP-LoxP-

KrasG12D allele (56) results in a step-wise PanIN formation that closely mimics the 



	   58	  

human disease (9, 10, 57). Additional models have used a Cre-mediated removal of a 

stop cassette to activate Kras* expression specifically in the pancreas but not from the 

endogenous locus (58).  A limitation of those models is that oncogenic Kras*, once 

activated, is constitutively expressed. Different subtypes of pancreatic cancer have 

recently been defined in human patients (12), with potentially differential dependence on 

oncogenic Kras*, thus highlighting the need for a suitable model of reversible Kras* 

expression in the pancreas. Previous attempts at generating a reversible form of Kras* 

expression in the pancreas using the tTa/TetO system have been limited by the lack of 

a suitable driver for the tTa transcription factor.  

Here we used a novel approach that allows conditional, Cre-mediated activation 

of rtTa expression, and were thus able to use pancreas-specific Cre lines to induce its 

expression. We have opted for the broadly expressed p48-Cre line since previous 

studies in mouse models have shown that PanINs can arise from acini (16, 21), ducts 

(20) and even islets during conditions of tissue damage (59).  Since Cre recombination 

is irreversible, our approach leads to expression of rtTa in most pancreatic epithelial 

cells.  This approach allows us to express Kras* in the pancreatic epithelium in a 

temporally and spatially regulated manner, and, more importantly, in a reversible 

manner.   This approach has been recently successfully used in a model of basal cell 

carcinoma (60) and could easily be adapted to study other oncogenes in other organs, 

and should be of broad interest to scientists interested in tumor maintenance.  The 

iKras* mouse develops PanINs, and, when crossed with mice with p53 loss-of function, 

develops PDA that resembles the human disease and mimics the previously published 

Pdx1-Cre;LSL-KrasG12D;Trp53R172H model of pancreatic cancer  (46). 
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Oncogenic Kras prevents tissue repair following acute pancreatitis 

Acute pancreatitis can be induced in mice by injection with the cholecystokinin 

analogue caerulein (17) and is characterized, at the tissue level, by infiltration of 

inflammatory cells and edema, as well as by acinar-ductal metaplasia, defined as the 

replacement of acinar cells with duct-like structures.  Wild-type animals rapidly recover 

from acute pancreatitis; the pancreatic parenchyma returns to its normal architecture, 

the inflammatory cell infiltration and edema subside within one to three weeks after 

treatment.  By contrast, it has been observed that in Kras* mutant animals, recovery is 

completely prevented (17), and acute pancreatitis is rapidly followed by more severe 

ADM surrounded by fibrosis, and, by 3 weeks after the treatment, by extensive 

mucinous ADM/early PanINs. It has been hypothesized that Kras* directly prevents 

tissue repair, but so far not demonstrated experimentally (7, 17). In addition, the de-

differentiation of acinar cells to duct-like cells has been hypothesized to be a necessary 

step for PanIN formation, at least for PanINs of acinar origin (7, 17).  We have taken 

advantage of the reversibility of Kras* expression in our model to investigate the role of 

this oncogene during the earliest stages of pancreatic carcinogenesis.  Our results show 

that oncogenic Kras* prevents the repair process by maintaining the ductal 

differentiation of acinar cells; this process is initially fully reversible upon Kras* 

inactivation.  An additional and novel finding was that expression of Kras* in the 

epithelium is responsible for formation and maintenance of the fibrotic stroma that 

accompanies PanINs formation and is prevalent in PDA.  The expansion of a pro-tumor 

stroma is one of the “hallmarks of cancer” (61) and,  in pancreatic cancer, the extensive 
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desmoplastic stroma has been shown to contribute to this tumor’s chemo-resistance 

(35).  

 

Kras is required at all stages of pancreatic carcinogenesis  

In a last set of experiments, we have analyzed iKras*-p53 mice where activation 

of oncogenic Kras* is accompanied by loss of one allele of the p53 tumor suppressor 

(and by loss of expression from the other allele). The purpose of this set of experiments 

was to address the important question of the role of this oncogene in tumor 

maintenance, a question of great biologic and therapeutic importance.  The role of Kras 

in advanced pancreatic cancer has in the past been addressed in established 

pancreatic cancer cell lines.  Interestingly, two independent groups have found that 

pancreatic cancer cells lines can be subdivided into “Kras*-dependent” and “Kras*-

independent” subsets (11, 62).  Pancreatic cancer, however, is characterized by 

extensive stroma, which has been shown to alter the cellular response to treatment 

(35).  Moreover, the established cell lines do not allow us to study the biology of the 

precursor lesions of pancreatic cancer.  Kras* inactivation in iKras*-p53 mice with 

PanINs or adenocarcinoma results in tumor regression, thus indicating that the tumor 

cells have become “addicted” to Kras* expression and activity. Due to the limited 

regenerative capability of the adult pancreas, complete repair is not achieved upon 

Kras* inactivation; however, even when we let the animals age for several months we 

did not observe any tumor recurrence. 

In summary, we have used our iKras* mouse to study the effect of Kras* 

inhibition at different stages of pancreatic carcinogenesis.  In addition, we have used a 
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model of pancreatitis-induced PanIN formation to synchronize the appearance of the 

lesions, thus facilitating quantification and analysis of the data.  In our model, activation 

of Kras* followed by induction of acute pancreatitis leads to pancreas-wide PanIN 

formation within 3 weeks, and high grade PanINs (including carcinoma in situ) by 5 

weeks.  In presence of one loss of function allele of p53, the mice get tissue-wide 

PanIN3 by 5 weeks and invasive adenocarcinoma by 8 to 18 weeks.  Our findings are 

summarized in Figure 2.16: inactivation of Kras* at the early PanIN stage leads to rapid 

and complete tissue recovery.  At the mechanistic level, the recovery is accompanied by 

re-differentiation of PanIN cells into acinar cells, and by remodeling of the stroma. 

However, once high-grade PanINs have formed, Kras* inactivation is linked to massive 

cell death, indicating that those cells have become “addicted” to the continuous 

expression of oncogenic Kras*.  Finally, Kras* inhibition also leads to regression of 

invasive adenocarcinoma.  However, in both cases partial recovery of pancreatic acini is 

accompanied by persistence of metaplastic areas surrounded by fibrotic scar tissue.  

These findings differ from what was observed in lung adenocarcinoma upon Kras* 

inactivation (1).  In that case, Kras* inactivation led to full regression, similar to what we 

observed when Kras* was inactivated in low-grade PanIN lesions (Figure 2.4). Taken 

together, our results indicate that targeting Kras* is likely to have a profound effect on 

pancreatic cancer.  These data support the potential utility of targeting Kras* or its 

downstream signaling pathways as a therapeutic approach in patients with pancreatic 

cancer.  
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Figures 

 

Figure 2.1 
The iKras* mouse is a new model of pancreatic tumorigenesis. (A) Genetic makeup 
of the iKras* model: p48Cre; R26-rtTa; Tg TetO-KrasG12D. (B) Experimental design. 
Kras* expression was induced with doxy for 72 hours before two consecutive days of 
intraperitoneal caerulein injections to induce pancreatitis and neoplasia. n= 3 to 5 mice 
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per timepoint. (C) H&E staining of wild-type murine pancreas. Scale bar 50um. (D) H&E 
staining of iKras* murine pancreas three weeks after doxy induction of Kras*. Scale bar 
50um. (E) H&E staining of iKras* murine pancreas three and five weeks after induction 
of Kras* and caerulein injections. Scale bar 50um. (F) H&E staining of iKras* of iKras* 
murine pancreas two days, one weeks, three weeks, and five weeks after induction of 
Kras* and caerulein injections. Scale bar 20um. (G) Gomori trichrome staining for 
interstitial collagen two days, one weeks, three weeks, and five weeks after induction of 
Kras* and caerulein injections. Scale bar 20um. (H) Periodic acid Schiff staining for 
mucin accumulation two days, one week, three weeks, and five weeks after induction of 
Kras* and caerulein injections. Scale bar 20um.  
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Figure 2.2 
Analysis of the induction of Kras* expression. (A) Lineage tracing of p48Cre 
expression, shown by Beta-galactosidase staining shows exclusive expression in the 
epithelial compartment of the pancreas. Scale bar 20um. (B) rtTa-IRES-EGFP 
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expression is specific to pancreatic epithelium, ducts and acini, shown by EGFP 
immunohistochemistry. Scale bar 50um. (C) Experimental design: Kras* expression was 
maintained ON and tissue was harvested at the indicated time-points. Following Kras* 
activation for 23 weeks, Kras* was turned OFF for 2 weeks. (D) Histology of the 
pancreas of both control and iKras* animals at the indicated time-points. Scale bar 
50um. (E) Analysis of tissue histology upon Kras* inactivation (top row) and EGFP 
immunohistochemistry (bottom row) at the indicated timepoints. Scale bar 50um. (F) 
Quantification of pancreas histology. Data represent mean ± SEM  
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Figure 2.3 
Evaluation of the iKras* and KC models following the induction of pancreatitis. 
(A) Experimental design: pancreatitis was induced in iKras* animals in the absence of 
doxycycline (Kras* OFF) and tissues were harvested 3 weeks following treatment. (B) 
Histology of the pancreata in the absence of Kras* expression following pancreatitis 
shows no lesions. (C) Histology of WT pancreas following pancreatitis at the time-points 
indicated. Scale bar 50um. (D) Histology (top rows) and mucin accumulation (Periodic 
Acid Schiff staining - bottom rows) show development of dysplastic changes in KC and 
iKras* models after the induction of pancreatitis. Scale bars 50um. (E-G) Analysis of KC 
and iKras* pancreata 3 weeks after the induction of pancreatitis: (E) Claudin-18, a 
PanIN marker. Scale bar 20um. (F) phospho-ERK1/2, a measure of MAP/ERK pathway 
activity. Scale bar 20um. (G) Ki67, marker of proliferation. Scale bar 20um. 
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Figure 2.4 
Kras* inactivation in mucinous ADM/early PanINs. (A) Experimental design: Kras* 
expression was kept ON for 3 weeks following acute pancreatitis; then, Kras* was 
turned OFF; tissues were harvested at the indicated time points (arrows) n=3-5 
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mice/timepoint. (B) Kras* expression by quantitative RT-PCR. Each point is an 
individual mouse. Data represent mean ± SEM.  (C) Representative Western blot 
showing Ras protein activity (Ras-GTP) measured by Raf1-RBD pull down assay, 
Western blot for levels of phospho-ERK1/2, total ERK1/2, and E-cadherin. (D) Ras 
protein activity normalized to Total Ras. (E) Ras protein activity normalized to the 
epithelial marker E-cadherin. (F) Histology of the pancreas at the indicated timepoints. 
Scale bar 50um. (G) Activation of the MAP/ERK kinase pathway  measured by 
phospho-ERK1/2 immunohistochemistry. Scale bar 20um. (H) Quantification of the 
change in pancreas size. Data represent mean ± SEM. (I) Quantification of lesions at 
the indicated timepoint. Data represent mean ± SEM.  
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Figure 2.5 
Regression of early and established PanINs. Kras* expression was maintained ON 
for either 3 or 5 weeks following pancreatitis, then turned OFF for 2 days, 3 days, and 2 
weeks. n=3-5 mice/timepoint (A, D) Reduction in mucin positive cells shown by Periodic 
Acid Schiff (PAS) staining of the pancreata at the indicated timepoints. Scale bars 
20um. Regression of ductal-like cells as indicated by (B, E) CK19 and (C, F) MUC1 
immunohistochemistry at the indicated timepoints. Scale bars 20um.  
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Figure 2.6 
Kras* inactivation in established PanINs. (A) Experimental design: Kras* expression 
was kept ON for 5 weeks following acute pancreatitis; then, Kras* was turned OFF; 
tissues were harvested at the indicated time points (arrows) n-=3-5 mice/timepoint. (B) 
Representative Western blot showing Ras protein activity (Ras-GTP) measured by 
Raf1-RBD pull down assay. (C) Histology of the pancreas at the indicated timepoints. 
Scale bar 50um. (D) MAP/ERK pathway activation shown by phospho-ERK1/2 
immunohistochemistry. Scale bar 20um. (E) Quantification of the change in pancreas 
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size. Data represent mean ± SEM. (F) Quantification of pancreatic lesions. Data 
represent mean ± SEM. (G) Immunohistochemistry for the PanIN marker Claudin-18. 
Scale bar 20um. 
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Figure 2.7 
Established PanINs have a delayed recovery process. Kras* expression was 
maintained ON for 5 weeks following pancreatitis, then turned OFF for 2 days, 3 days, 
and 2 weeks. n=3-5 mice/timepoint. (A-F) Immunohistochemistry for (A) Sox-9 and (B) 
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Pdx1, both progenitor markers, (C) alpha-Smooth muscle actin and (D) Vimentin, 
markers of reactive fibroblasts, and (E) Cox2 and (F) MMP7. Scale bars 20um. 
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Figure 2.8 
Regression of pathway components upon the inactivation of Kras*. Kras* 
expression was maintained ON for 5 weeks following pancreatitis, then turned OFF for 2 
days, 3 days, and 2 weeks. n=3-5 mice/timepoint  Immunohistochemistry for (A) Beta-
catenin and the EGFR family members (B) EGFR, and (C) HER2. Scale bars 20um. 
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Figure 2.9 
Mechanism of tissue recovery from early PanINs. Kras* expression was maintained 
ON for 3 weeks following pancreatitis, then turned OFF for 2 days, 3 days, and 2 weeks. 
n=3-5 mice/time-point (A) Apoptosis levels measured by Cleaved Caspase 3 
immunohistochemistry. Scale bar 20um (B) Co-immunofluorescence of PanIN lesions 
and tissue proliferation during tissue repair, Ki67 (green), CK19 (red), and DAPI (blue). 
Scale bar 20um (C-F) CK19 (green), Amylase (red), and DAPI (blue) co-
immunofluorescence analysis of PanIN transdifferentiation in iKras* pancreas after (C) 
Kras* ON 3 weeks, (D) Kras* OFF 2 days, (E) 3 days, (F) and 2 weeks. Scale bar 20um 
(G) Quantification of CK19 and Amylase positive cells at the indicated time-points. Data 
represent mean ± SEM.  
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Figure 2.10 
Analysis of the mechanism of tissue recovery from early PanIN lesions. Kras* 
expression was maintained ON for 3 weeks following pancreatitis, then turned OFF for 2 
days, 3 days, and 2 weeks. n=3-5 mice/timepoint. (A) Lineage tracing, shown by EGFP 
immunohistochemistry, shows cells that make up the recovered tissue arose from those 
having previously expressed oncogenic Kras*. Scale bar 20um. Analysis of pancreatic 
progenitor markers during tissue recovery (B) Sox9, (C) Pdx1, and (D) Hes1. Scale bars 
20um.
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Figure 2.11 
Extensive tissue remodeling in established PanINs following Kras* inactivation. 
Kras* expression was maintained ON for 5 weeks following pancreatitis, then turned 
OFF for 2 days, 3 days, and 2 weeks. n=3-5 mice/timepoint.(A) Cell death shown by 
Cleaved Caspase 3 immunohistochemistry. Scale bar 20um. (B) Immunohistochemistry 
for the lineage tracer EGFP. Scale bar 20um. (C) CK19 (green),  Amylase (red), and 
DAPI (blue) co-immunofuorescence. Scale bar 20um. (D) Tissue proliferation shown by 
Ki67 immunohistochemistry. Scale bar 20um. (E) Quantification of cellular proliferation 
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(Ki67) in each tissue compartment for the indicated timepoints. Data represent mean ± 
SEM.  
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Figure 2.12 
Oncogenic Kras* regulates the microenvironment. Kras* expression was maintained 
ON for 3 weeks following pancreatitis, then turned OFF for 2 days, 3 days, and 2 weeks. 
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n=3-5 mice/timepoint. (A) Gomori’s Trichrome staining for collagen (green) shows a 
reduction in fibrotic stroma upon the inactivation of Kras*. Scale bar 50um. 
Immunohistochemistry of fibrotic marker (B) Vimentin, inflammatory markers (C) Cox2, 
(D) IL6, and (E) phospho-STAT3, and the metalloproteinase (F) MMP7. Scale bars 
20um. 
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Figure 2.13 
Oncogenic Kras* regulates interactions between epithelial cells and their 
microenvironment. Kras* expression was maintained ON for 3 weeks following 
pancreatitis, then turned OFF for 2 days, 3 days, and 2 weeks. (A) Smooth Muscle Actin 
(SMA) and (B) Shh ligand immunohistochemistry. Scale bar 20um. (C) Quantitative RT-
PCR analysis of Hedgehog signaling components Shh, Ptch1, Gli1, and Gli2. Each 
point represents one mouse. Data represent mean ± SEM. (D) Experimental design: in 
iKras*-Gli1LacZ/+ experimental mice, Kras* expression was kept ON for 3 weeks following 
pancreatitis, then turned OFF for 3 days. n=2 mice/timepoint (E) Histology. Scale bar 
50um. (F) β-galactosidase staining for Gli1/LacZ expression. Scale bar 20um. (G) CK19 
(purple), Amylase (red), Gli1/LacZ (green), and DAPI (blue) co-immunofluorescence. 
Scale bar 20um. (H) SMA (purple), Gli1/LacZ (green), and DAPI (blue) co-
immunofluorescence. Scale bar 20um.  
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Figure 2.14 
iKras*-p53 model and the effect of Kras* inactivation. Experimental design: Kras* 
expression was maintained ON for 5 weeks (A) or until the mice developed frank 
pancreatic adenocarcinoma (F) before being turned OFF for 2 weeks or 23 weeks. (B, 
G) Histology of the pancreata at indicated timepoints. Scale bar 100um (top row), or 
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20um (bottom row). Insets: Periodic Acid Schiff (PAS) staining. Scale bar 20um. (C, H) 
Phospho-ERK1/2 immunohistochemistry. Scale bar 20um. (D, I) Ki67 
immunohistochemistry. Scale bar 20um. (E, J) Analysis of genomic instability in iKras*-
p53 mice by gamma-H2AX immunohistochemistry. Scale bar 20um. (K) Kaplan-Meier 
survival curve. Log rank statistical analysis yielded a p-value of 0.0008. (L) In vivo 
imaging of tumor regression in one iKras*-p53+/- animal using magnetic resonance. 
Total animals imaged n=4. T: tumor 9outlined in yellow), S: stomach, Sp: spleen, K: 
kidney, Int: intestine. 
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Figure 2.15 
Characterization of iKras*-p53+/- tumors. Kras* expression was maintained ON until 
the mice developed frank adenocarcinoma, then inactivated for 2 or 23 weeks. (A) In 
vivo imaging of one iKras*-p53+/- mouse using magneticresonance. T: tumor (outlined 
in yellow), Sp: spleen, K: kidney, Int: intestine. Note the tumor in the tail of the pancreas 
in the image on the left, and regression after two weeks off doxy. (B) Western blot for 
p53 expression in the indicated samples. (C) Immunohistochemistry for p53 in iKras*-
p53+/- tumors, and at two time-points following Kras* inactivation, as well as in KC-
p53+/- and KC-p53R172H tumors. Note the lack of expression in iKras*-p53+/- and KC-
p53+/- tissues, and accumulation of nuclear p53 in p53R172H tissues that express a 
dominant negative p53 allele. Scale bars 20um. (D) Representative example of DNA 
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fingerprints obtained with 3 different sets of primers. DNA was extracted from PDA 
tissue, T, from two different animals, and matched genomic, G, and from pancreatic 
tissue, P, of a third animal following Kras* inactivation. Red dots represent absence of 
bands in either the tumor or corresponding genomic, black dots represent changes in 
intensity.   
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Figure 2.16 
Proposed model for the role of oncogenic Kras in the initiation and maintenance 
of PanINs and pancreatic ductal adenocarcinoma. Initial oncogenic Kras activation 
leads to pancreatic dysplasia. When Kras is inactivated at the early time-points, the 
pancreatic tissue reverts back to its original state. However, when dysplasia is 
advanced, or if frank PDA is present, turning off Kras will induce apoptosis in the 
dysplastic epithelium and the remodeling of the pancreatic parenchyma is incomplete 
even after an extended period of time. 
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CHAPTER 3 

METASTATIC PANCREATIC CANCER IS DEPENDENT ON ONCOGENIC KRAS  
IN MICE3 

 

Abstract 

Pancreatic cancer is one of the deadliest human malignancies, and its prognosis 

has not improved over the past 40 years.  Mouse models that spontaneously develop 

pancreatic adenocarcinoma and mimic the progression of the human disease are 

emerging as a new tool to investigate the basic biology of this disease and identify 

potential therapeutic targets. Here, we describe a new model of metastatic pancreatic 

adenocarcinoma based on pancreas-specific, inducible and reversible expression of an 

oncogenic form of Kras, together with pancreas-specific expression of a mutant form of 

the tumor suppressor p53.  Using high-resolution magnetic resonance imaging to follow 

individual animals in longitudinal studies, we show that both primary and metastatic 

lesions depend on continuous Kras activity for their maintenance.  However, re-

activation of Kras* following prolonged inactivation leads to rapid tumor relapse, raising 

the concern that Kras*-resistance might eventually be acquired. Thus, our data 

identifies Kras* as a key oncogene in pancreatic cancer maintenance, but raises the 

possibility of acquired resistance should Kras inhibitors become available for use in 

pancreatic cancer. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  Originally published as: Collins, M.A., Brisset, J.C., Zhang, Y., Bednar, F., Pierre, J., 
Heist, K.A., Galban, C.J., Galban, S., and di Magliano, M.P. 2012. Metastatic pancreatic 
cancer is dependent on oncogenic Kras in mice. PLoS One 7:e49707	  
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Introduction 

Pancreatic ductal adenocarcinoma (PDA), the most common form of pancreatic 

cancer, is frequently associated with mutations of the Kras oncogene, most commonly 

KRASG12D(1, 2).  Mutations of the tumor suppressor p53 −most commonly R175H (3)− 

are frequently observed in human samples (1). Expression of mutant KrasG12D (Kras*) 

and mutant p53R172H -the mouse ortholog of R175H- in the mouse pancreas was used 

to generate the KPC model. KPC mice closely mimic the progression of the human 

disease (4, 5) and respond to therapeutics in a similar manner as human patients. In 

contrast, tumors transplanted in immuno-compromised mice poorly predict therapeutic 

response (6, 7). The KPC model is thus ideally suited to study pancreatic cancer 

formation. However, in this model mutant Kras expression is irreversible.  Thus, KPC 

mice are not suitable to study the role of Kras* in tumor maintenance.  Since drugs 

targeting Kras* are currently unavailable, genetic modeling of Kras inhibition is the only 

option to determine whether this oncogene is required for tumor maintenance.  

We, and others, have recently described the inducible-Kras*p53+/- (iKras*p53+/-) 

mouse model of pancreatic cancer, that allows tissue-specific, inducible and reversible 

expression of mutant Kras in combination with a loss of function allele of the tumor 

suppressor p53(8, 9).  iKras*p53+/- mice develop invasive, but non-metastatic pancreatic 

cancer that is dependent on sustained Kras* activity for its growth and maintenance.  In 

other mouse models of pancreatic cancer, as well as in other tumor models, loss of 

function of p53 accelerated tumor formation but only infrequently gave rise to metastatic 

disease. In contrast, expression of mutant p53 has been shown to be highly pro-

metastatic (10-12). There is a certain variability in these findings: for instance, 
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metastatic potential has been described by other groups using KC or iKras* mice 

combined with loss of function allele of p53 (9, 13), thus there might be additional 

effects to consider, such as genetic background of the mice. Given that in our mouse 

colony p53 loss-of function did not confer metastatic potential to iKras* mice, we 

generated iKras* mice that also carried a mutant p53 allele (p53R172H, hereby p53*). Our 

goal was to generate a metastatic model where we could address the role of Kras* in 

the maintenance of metastatic pancreatic cancer by following mice in longitudinal 

studies, using in vivo imaging. 

 

Materials and Methods  

Mice: Mice were housed in specific pathogen-free facilities of the University of Michigan 

Comprehensive Cancer Center. This study was approved by the University of Michigan 

University Committee on Use and Care of Animals (UCUCA) guidelines. p48Cre (Ptf1a-

Cre) mice(14) were intercrossed with TetO-KrasG12D(15),  Rosa26rtTa/rtTa(16) and 

p53R172H/+(17) mice to generate p48Cre; TetO-KrasG12D; Rosa26rtTa/+; p53R172H/+ 

(iKras*p53*). Littermates lacking Cre or the mutant Kras and p53 alleles were used as 

controls. KPC mice (4) and iKras*p53+/- mice (8) were previously described. 

Doxy was administered through the drinking water, at a concentration of 0.2g/L in a 

solution of 5% sucrose, and replaced every 3-4 days. 

Pancreatitis was induced through two series of eight hourly intraperitoneal injections of 

caerulein (Sigma), at a concentration of 75ug/kg, over a 48-hour period, as previously 

described (18).  
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Magnetic resonance imaging: Mice were anesthetized with 1–2% isoflurane/air, and 

body temperature was maintained by blowing warm air through the bore of the magnet 

using an Air-Therm (World Precision Instruments, Sarasota, FL). MRI scans were 

performed using a 7 T Agilent (Palo Alto, CA) Direct Drive system with a quadrature rat 

head volumic coil (m2m Imaging, Cleveland, OH). Mice were placed supine in the coil, 

taped below the thoracic cavity on the bed to reduce respiratory motion. T2-weighted 

images were acquired using a fast spin echo multi-slice sequence with TR/TE: 4000/30 

ms, 8 echo trains, 4 averages, 2 dummy scans, field of view (FOV) = 25x25 mm2, matrix 

size = 128 × 128, slice thickness = 1 mm, number of slices = 25 contiguous. Using in-

house software developed in MATLAB (The MathWorks, Inc., Natick, MA) the tumor 

boundary was manually defined on each slice and then integrated across slices to 

provide a volume estimate.  

Immunohistochemistry: Histology and immunohistochemistry were performed as 

previously described (8). A list of antibodies is provided in Appendix Table A1. Images 

were acquired with an Olympus BX-51 microscope, and Olympus DP71 digital camera, 

and DP Controller software. 

Establishment of primary cell cultures: Tissue was harvested from the primary 

tumor, minced, and digested with 1mg/ml collagenase V (Sigma) at 370C for 15 

minutes. Digestion was stopped with the addition of complete medium: RPMI-1640 

(Gibco) + 10% Fetal Bovine Serum + 1 % penicillin/streptomycin. Cells were isolated by 

filtration through a 100um cell strainer and plated in complete medium containing 

doxycycline (Sigma) at 1ug/ml. 

Subcutaneous tumor transplantation: 1x106 iKras*p53* cells were injected 
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subcutaneously into the flank of NOD/SCID mice at a 1:1 ratio of Matrigel (BD 

Biosciences) and complete medium. Doxy was administered through the drinking water 

at a concentration of 0.2g/L in a solution of 5% sucrose for 3 days, and in chow 

(BioServ). Tumor size was measured by caliper.  

Quantitative RT-PCR: RNA extraction, cDNA preparation and quantitative PCR for 

Kras* and normalization to GAPDH was performed as previously described (8). 

Statistical analysis was conducted with an unpaired t-test. 

Western blot analysis: Cells were lysed in RIPA buffer (SigmaAldrich, R0278) and 

protease inhibitor (Sigma-Aldrich, P8340). Equal amounts of protein were 

electrophoresed in 12% or 4-15% gradient SDS-PAGE gels, transferred to PVDF 

membrane (Bio-Rad). Membranes were blocked with 5% milk, and primary antibody 

incubations were performed overnight at 40C. Primary antibodies and dilutions are 

provided in Appendix Table A1. Secondary antibody HRP-conjugated anti-rabbit 

(1:5,000) was used and detected with Western Lightning Plus-ECL (Perkin Elmer). 

Protein bands were visualized on Kodak Biomax XAR film.  

Active Ras Pull-down assay: Pull-down and immunoblotting of active Ras was 

performed using an Active Ras pull-down kit (Pierce) following the manufacture’s 

instructions.   

 

Results 

In iKras*p53* mice, the pancreas-specific p48-Cre (Ptf1a-Cre)(14) recombines a 

floxed stop cassette inserted in the Rosa26 locus, thus activating expression of the 

transcriptional activator rtTa(16). Cre recombination also induces expression of p53R172H 



	   103	  

(p53*)(17) from its endogenous locus upon recombination of a floxed stop cassette.  

The rtTa is transcriptionally active in the presence of doxycycline (doxy), and inactive in 

its absence. Thus, the TetO-KrasG12D (Kras*)(15) allele can be transcribed in an 

inducible, tissue-specific and reversible manner by administering doxycycline to the 

animals’ water (Figure. 3.1A). In order to induce carcinogenesis, iKras*p53* mice were 

placed on doxy at weaning, followed by a short burst of acute pancreatitis to promote 

PanIN formation as previously described(18, 19).  The animals were then maintained on 

doxy until they developed PDA and had to be euthanized or succumbed, between 2 and 

45 weeks following doxy administration  (Figure 3.1B and Table 3.1).  Interestingly, 

survival of iKras*p53* animals was longer than that of iKras*p53+/- mice (see Kaplan 

Meier curve in Figure 3.1B); however, the reason for this difference remains unclear. At 

necropsy, iKras*p53* animals presented with a tumor mass frequently in the head of the 

pancreas, along with visible metastatic lesions (Figure 3.1C).  A subset of the animals 

also presented with hemorrhagic ascites (n=5). The histology of the primary tumor 

revealed moderately to un-differentiated pancreatic adenocarcinoma with abundant 

desmoplastic stroma  (Figure 3.11D, Figure 3.2A and Table 3.1) similar to what has 

been found in iKras*p53+/- animals (8). Metastatic lesions were highly prevalent in the 

liver (Figure 3.1C inset, 3.1D, Figure 3.2A and Table 3.1), and less frequent in the 

lungs; duodenal invasion was also occasionally observed (Figure 3.1D, Figure 3.2A, 

Table 3.1). Both primary tumors and metastases expressed phospho-ERK1/2, a 

downstream effector of Kras (Figure 3.2B). Further characterization of the tumors and 

metastases revealed expression of PDA markers, such as CK19 (Figure 3.2C), high 

proliferative index as measured by Ki67 staining (Figure 3.2D), accumulation of mutant 
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p53 protein (Figure 3.2E), genomic instability as detected by γ-H2AX expression 

(Figure 3.2F), and accumulation of desmoplastic stroma including smooth muscle actin-

expressing fibroblasts (Figure 3.2G). Thus, the iKras* p53* mouse model recapitulates 

the histology and biological behavior of human pancreatic cancer and previous mouse 

models with the additional ability to control Kras* expression in a time and organ-

selective manner.  

In order to determine the effect of Kras* inactivation on the primary tumor and 

metastases, we evaluated different possibilities for in vivo imaging, which would allow 

us to follow individual animals over time in longitudinal studies.  Fluorodeoxyglucose 

positron emission tomography (FDG-PET) and magnetic resonance imaging (MRI) have 

been extensively used to image orthotopic models of PDA (20, 21), and, in some cases, 

for spontaneous tumors (22, 23). Others have used high-resolution ultrasound in 

primary genetically engineered mouse models of PDA (6). We explored the use of MRI, 

a clinically relevant imaging technique that would allow us to obtain high-resolution 

images of tumors and metastases and to measure volume changes over time. We 

imaged KPC mice (p48Cre; LSL-Kras; p53R172H) (4), in parallel with iKras*p53* mice to 

compare tumor formation in the two models. Initially, mice to be imaged were chosen 

based on clinical manifestation of disease (poor coat condition, distended abdomen), or, 

in some cases, upon palpation of an abdominal mass (Figure 3.3A). Control mice were 

imaged to visualize the normal pancreas, nested between the stomach, duodenum, 

spleen, and adjacent to the right kidney (Figure 3.3B). In both individual KPC and 

iKras*p53* mice (Figure 3.3C and 3.3D), MRI imaging clearly identified the pancreatic 

tumor mass. Additionally, in iKras*p53* mice, MRI also visualized multiple metastatic 
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lesions to the liver, ranging from large to very small lesions (0.11mm3) (Figure 3.3D, 

bottom panels). In subsequent imaging experiments, the animals were imaged monthly, 

starting 1 month after activation of Kras* expression and induction of pancreatitis, and 

irrespective from any sign of disease.  In this second cohort of animals, smaller tumors 

were occasionally identified so that tumor growth could be followed over time (Figure 

3.3E and Figure 3.4B). Tumor and total metastases volumes were measured for 

individual animals (Figure 3.3F, tumor volumes, top, and combined metastases volume, 

bottom, for KPC and iKras*p53* #1, #2, #3) at the indicated time points. Thus, this 

technique is an effective, non-invasive method to determine the presence of tumors and 

metastases in individual animals.  

In order to determine whether the primary tumor and metastases are dependent 

on Kras* we withdrew doxy in iKras*p53* mice, thus inactivating the Kras* transgene, 

and performed serial imaging of the same animal over time (scheme in Figure 3.4A and 

Figure 3.5A).  Following Kras* inactivation, the primary tumor mass (Figure 3.4B and 

Figure 3.5B) regressed to barely detectable or undetectable within 3 weeks (Figure 

3.4C and Figure 3.5C). By 6 weeks following Kras* inactivation, only rare metastatic 

lesions persisted, although with reduced size (Figure 3.5C). For each time point, we 

were able to obtain volumetric measures both of the primary tumor and of the 

metastases (Figure 3.4D and Figure 3.5F). When mice were dissected following 

prolonged Kras* inactivation, their pancreas appeared small and translucent, and lacked 

any apparent visible tumor mass (Figure 3.4E). Histological analysis (Figure 3.4E, 

middle panel) revealed fibrotic parenchyma (green arrowhead), with acini (red 

arrowhead) interspersed within dilated ducts (yellow arrowhead), and surrounded by 
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adipose tissue (blue arrowhead). Some of the dilated ducts retained intracellular mucin 

accumulation identified by positive PAS staining (Figure 3.4E, right panel). We also 

observed cysts lined with CK19-positive cells, that might indicate the previous tumor site 

(Figure 3.4F, left panel). The fibrotic areas retained collagen fibers, as highlighted with 

Trichrome staining, but the cells within them lacked Smooth Muscle Actin expression 

and were not proliferative, indicating scar tissue rather than active stroma. Both 

throughout the remaining pancreas and within the cysts, phospho-ERK1/2 expression 

was rare, confined to individual cells; Ki67 staining was present in a subset of the 

epithelial cells, but mitotic figures were rare (Figure 3.4F).  Thus, we concluded that in 

this spontaneous model of pancreatic cancer Kras* was required for the maintenance of 

both the primary tumor and metastases, even in the presence of an additional 

oncogene, mutant p53.  Dependence of a single oncogene for advanced tumors has 

been observed before (24-29); however, to our knowledge, the effect of oncogene 

inactivation in metastases from solid tumors has been rarely addressed.  

  We next proceeded to determine whether the tumor cells had been completely 

eliminated, or whether a subset of them had survived inactivation of Kras*.  For this 

purpose, we re-induced Kras* expression following tumor regression.  Upon doxy 

administration, we observed rapid recurrence of the primary tumor mass (Figure 3.5D 

and 3.5F), suggesting that some tumor cells had survived the transgene inactivation 

and were able to resume rapid growth. Additionally, further analysis revealed phospho-

ERK1/2 levels were increased throughout the primary tumor as well as in the liver and 

lung metastases (Figure 3.5E). This observation led us to investigate whether tumor 

cells might eventually acquire resistance to Kras* inactivation.   
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To address this possibility, and to be able to obtain histological information of the 

same tumor over time, we generated primary cell lines from iKras*p53* tumors.  Primary 

tumor lines in culture were characterized either by epithelial or mesenchymal-like 

morphology (Figure 3.6A and 3.6C). The expression of mutant Kras* RNA was 

regulated by doxy in culture, as expected (Figure 3.6A and 3.6C). Furthermore, we 

determined Ras activity in the iKras*p53* primary cell lines was comparable with the 

levels of active Ras in cells extracted from KPC tumors (Figure 3.6G). Phospho-

ERK1/2 levels were initially regulated by doxy in the medium; however, this regulation 

was weakened over time in culture, with phospho-ERK1/2 levels becoming 

constitutively elevated, even though Kras* expression was still doxy-dependent (Figure 

3.6B and 3.6D). Interestingly, proliferation, as measured by proliferating cell nuclear 

antigen (PCNA), did not appear to be doxy-dependent in culture. However one of the 

cell lines (iKras*p53*-2) exhibited increased expression of the apoptosis marker cleaved 

caspase-3 in response to the removal of doxy from the media (Figure 3.6E and 3.6F). 

The data is consistent with previous observations that a subset of human pancreatic 

cancer cells is dependent on oncogenic Kras for survival (30, 31).   

To determine the effect of Kras* inactivation in vivo, we injected the cells 

subcutaneously in NOD/SCID mice.  While subcutaneous injection is not appropriate for 

pre-clinical studies of pancreatic cancer, since it does not reflect the complexity of the 

tumor microenvironment, it nevertheless provides a readout of the ability of tumor cells 

to grow in vivo.  All of the lines tested (n=3) rapidly formed tumors when transplanted in 

NOD/SCID mice kept on doxy-water.  Upon doxy withdrawal, the tumors first ceased 

growing and subsequently regressed rapidly; interestingly, complete regression was 
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only observed in the cell line that was dependent on oncogenic Kras for survival in cell 

culture (iKras*p53*-2). After a latency period, however, the tumors grew back in the 

absence of doxy (Figure 3.7A and 3.7C). Histological analysis showed that the 

transplanted tumors as well as the relapsed tumors resembled the primary tumor they 

were derived from (Figure 3.7B and 3.7D, compare with Figure 3.1D, top and bottom 

panels respectively). Both phospho-ERK1/2 and Ki67 expression levels were initially 

down-regulated upon Kras* inactivation (Figure 3.7D, inset), but expressed in the 

relapsed tumors (Figure 3.7B and 3.7D). We also observed down-regulation of SMA in 

the fibroblasts surrounding the tumor cells, even though, as expected, SMA expression 

was retained in the vasculature-associated fibroblasts (Figure 3.7D), indicating a 

change in epithelial-mesenchymal interactions upon Kras* inactivation in the epithelium. 

When we analyzed expression of oncogenic Kras* in the tumors, we found that the 

relapsed tumors had constitutively elevated expression of Kras*, indicating loss-of 

doxycycline dependence in the transgene (Figure 3.7E).  Thus, it appears likely that the 

tumor recurrence is due to selective pressure for Kras* expression, and not to acquired 

independence from Kras*.  We also explored whether additional oncogenic pathways 

might contribute to the relapse, and we did observe an increase in myc expression in 

the relapsed tumors (Figure 3.7E).  

In a different set of experiments, we injected tumor cells in NOD/SCID mice in 

absence doxy, to determine whether doxy-independent cells were already present in the 

tumor lines. In this case the tumor cells failed to give rise to tumors over a period of 13 

weeks (Figure 3.7C); thus, dysregulation of the Kras* transgene was not likely to be 

present in the initial cell population, but occurred while the cells were growing in 
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NOD/SCID mice. In summary, our observations indicate that, in vivo, the tumor cells 

depend on oncogenic Kras* to form and maintain tumors. Of note, we did not observe 

recurrence in iKras*p53* mice, but only once the cells were cultured and re-established 

in NOD/SCID mice; it is therefore possible that the different environment, possibly 

because of the absence of a functional immune system, or because of the manipulation 

of the cells, might be permissive to tumor growth.    

 

Discussion 

Thanks to studies in mouse models that closely mimic the progression of the 

human disease, as well as genomic data and studies in primary human tumors, we 

have developed a sophisticated understanding of the biology of pancreatic cancer(1, 32, 

33).  Given the complex mutational profile of pancreatic cancer and the impossibility to 

target every single alteration, it is of key importance to understand the genes/pathways 

that are required for tumor maintenance.  Mutations in the Kras gene occur early during 

disease progression (34).  Mouse model studies have shown a key role of mutant Kras 

in the initiation of this disease (35, 36).  Moreover, a subset of human pancreatic cancer 

cell lines require Kras* for growth and survival both in vitro and in immuno-compromised 

host mice (30, 31).  Additionally, other human tumors such as lung adenocarcinoma and 

breast cancer show similar dependency on oncogenic Kras (15, 24).  We have recently 

shown that pancreatic cancer in the mouse is addicted to Kras* (8). However, our first 

study did not extend to analyzing the role of Kras* in the presence of another oncogenic 

event, nor did it investigate metastatic disease.  Given that pancreatic cancer is highly 

metastatic in humans, we felt it was essential to extend our approach to include this 
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characteristic by combining Kras* expression with mutant p53*.  Even in the presence of 

p53*, we show that Kras* is required for the maintenance of primary tumor and 

metastases.  However, tumor cells survived Kras* inactivation and, upon Kras* 

reactivation, gave rise to renewed tumor growth.  Moreover, when tumor cells were 

isolated and implanted in immuno-compromised hosts, they rapidly developed 

resistance.  In other models addressing oncogene dependence, eventual acquisition of 

resistance has been commonly observed (24, 37).  In our system, it remains to be 

determined whether the presence of mutant p53 promotes resistance to Kras* inhibition, 

or whether the immuno-compromised status of the host is permissive for tumor relapse, 

as previously suggested (38).  Taken together, our findings validate the notion of 

inhibiting Kras in pancreatic cancer patients; however, they also provide a note of 

caution concerning the potential for tumor cells to eventually bypass their oncogene 

dependence.  Future studies should be aimed at understanding the mechanisms that 

enable a subset of tumor cells to survive Kras* inactivation to provide strategies for 

complete tumor eradication. 
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Figures 

 
 

Figure 3.1 
The iKras*p53* model of metastatic pancreatic adenocarcinoma. (A) Genetic 
makeup of iKras*p53* mice. (B) Experimental design: doxy was administered 
continuously, starting at weaning.  Acute pancreatitis was induced within 72 hrs, then 
the animals were aged until they developed tumors. Kaplan-Meier survival curve. 
iKras*p53*, n=25; iKras*p53+/-, n=9. Log-rank statistical analysis yielded a P value of 
0.001. (C) Gross morphology pictures of a primary tumor and liver metastases. T: 
tumor, S: stomach, Sp: spleen, Int: intestine, L: liver (D). Histology of a moderately 
differentiated (top row) and an un-differentiated (bottom row) pancreatic tumor; liver and 
lung metastases. T: tumor. Scale bar 100um. 
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ID Survival 
(weeks) Classification Grade Metastasis Ascites W M P U LN Duo Spleen Liver Lung 

4067 18 PanIN III           
4292 42 PDA    X Y Y N Y Y -- 
4659 25 PDA   X  Y Y Y -- -- Y 
4668 28 PDA  X   Y Y N Y - Y 
5552 32 PDA  X   Y N N N N Y 
5820 44 PDA  X   N N N -- -- -- 
5821 19.5 PDA   X  Y Y N -- -- Y 
5825 48 PDA  X   Y N N -- -- -- 
5827 45 PDA  X   Y N N Y N -- 
6106 38 PanIN III           
6649 22 PanIN III           
6977 37 PanIN II           
6989 34 PDA  X   N N N -- -- -- 
7275 42.5 --           
7435 6 PDA  X   N Y N -- -- Y 
7994 12 PanIN II          -- 
8460 14.5 PDA   X  Y Y N -- -- -- 
8461 10 --           
8847 16 PanIN II           
9261 22 PanIN II           
9805 15 PDA  X   Y Y N Y Y -- 
9806 15 PanIN III           

11326 2 --           
Histological Grade - W: well differentiated; M: moderately differentiated; P: poorly 
differentiated; U: undifferentiated (sarcomatoid). 
Presence of Metastasis - Y: yes; N: no; --: not available. 
 
Table 3.1: Pathology of iKras*p53* mice 
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Figure 3.2  
Characterization of iKras*p53* primary tumor and metastases. (A) Histology of a 
primary pancreatic adenocarcinoma and metastases to liver and lung. (B-G) 
Immunohistochemistry of primary tumor and metastases for: (B) phospho-ERK1/2; (C) 
CK19; (D) Ki67; (E) p53; (F) γH2AX; (G) αSMA. M: metastasis. Scale bar 20um.  
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Figure 3.3 
In vivo imaging of the pancreas, pancreatic tumors and metastases. (A) 
Experimental design. (B) MRI of a control mouse pancreas and liver. P: pancreas, S: 
stomach, Sp: spleen, K: kidney, L: liver, G: gallbladder. (C) Large pancreatic mass (T), 
but no metastatic lesions in a KPC mouse. (D) Two iKras*p53* mice on doxy 15 weeks 
(left) and 42 weeks (right) show a large pancreatic mass and liver metastases. (E) 
Identification of smaller tumors (iKras*p53* #3, left panel, 38 weeks) can be monitored 
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as they develop into larger tumors (iKras*p53* #3, right panel, 40weeks). (F) Volume 
measurements of both primary tumors and combined metastases for individual KPC 
and iKras*p53* animals at the indicated time points.  
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Figure 3.4 
Longitudinal imaging of pancreatic tumor growth and regression. (A) Experimental 
design. (B) MRI taken at 38 weeks after Kras* activation shows normal pancreas 
morphology. P: pancreas, S: stomach, Sp: spleen. However, in the same animal, there 
is evidence of a small pancreatic tumor (T) at 40weeks, 2 days, which continues to 
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increase in size over the next four weeks. (C) Tumor regression occurs following Kras* 
inactivation. By three weeks, there is no longer an identifiable tumor mass. (D) Tumor 
volume at the indicated time points. (E) Gross morphology of the pancreas following 
Kras* inactivation - note the small pancreas with no evident tumor mass (left panel). 
Histology of the regressed tissue (HE, middle panel, Scale bar 100um) reveals acini 
(red arrowhead) surrounded by fibrosis (green arrowhead) and adipose tissue (blue 
arrowhead) with dilated ducts (yellow arrowhead) containing some cells that exhibit 
mucin accumulation identified by arrows (PAS staining, right panel, Scale bar 20um). 
(F) Histology of fibrotic cysts, indicating a possible previous tumor site (HE, left panel), 
are lined with cells that are CK19 positive (inset). Scale bar 100um. Gomori Trichrome 
(Scale bar 100um), SMA staining (inset), p-ERK1/2, and Ki67 staining indicate that the 
remaining fibrosis is no longer reactive. Scale bars 20um.  



	   119	  

 



	   120	  

Figure 3.5 
Pancreatic tumor relapse occurs following Kras* reactivation. (A) Experimental 
design. (B) Identification of a large pancreatic tumor mass 22 weeks after Kras* 
activation. T: tumor, S: stomach, Sp: spleen, L: liver, G: gallbladder. (C) Images taken 1, 
3 and 6 weeks following Kras* inactivation. Note the greatly reduced primary tumor 
mass and metastatic load. (D) Reactivation of Kras* results in rapid tumor relapse. (E) 
Histology of the primary tumor as well as metastases found in the liver and lung 
following tumor relapse show abundant phospho-ERK1/2 expression (insets). Scale bar 
100um (F) Tumor and total metastases volume at the indicated time points. 
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Figure 3.6 
Characterization of primary pancreatic cancer cell lines from iKras*p53* mice. (A) 
Primary cell line iKras*p53*-1 exhibits epithelial morphology and demonstrates 
doxycycline dependent Kras* expression (* p<0.05), and pERK1/2 levels at passage 5. 
(B) The same cell line at passage 12; Kras* expression is still dependent on doxy (*** 
p<0.001), but pERK1/2 levels do not depend on Kras* expression. (C) A second primary 
cell line, iKras*p53*-2, has mesenchymal morphology. At passage 6, Kras* expression 
is dependent on doxy (** p<0.01), and pERK1/2 levels depend on Kras* expression. (D) 
Analysis at passage 11: Kras* is still regulated by doxy (* p<0.05, ** p<0.01), but 
pERK1/2 levels remain elevated. (E) Western blot analysis of apoptosis, indicated by 
cleaved caspase-3 (CC3), and proliferation, measured by proliferating cell nuclear 
antigen (PCNA), in both iKras*p53*-1 and iKras*p53*-2 cell lines. (F) 
Immunofluorescence of apoptosis, indicated by cleaved caspase-3 (CC3), in 
iKras*p53*-2 cells either in the presence of (+48h) or absence (-48h) of doxy in the 
media. DAPI staining marks the nuclei. Scale bar 100um. (G) Ras pull-down assay 
demonstrates that Ras activity levels are comparable between iKras*p53* cell lines and 
cells from KPC tumors. 
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Figure 3.7 
iKras*p53* cells reactivate Kras* expression independently of doxycycline 
regulation. (A) Tumor volume measured over time for iKras*p53*-1 cells transplanted 
subcutaneously in NOD/SCID mice. The yellow line indicates the presence of doxy, 
black lines indicate the absence of doxy, arrows indicate harvest time-points. N=5. (B) 
Histology and phospho-ERK1/2 expression (inset) of iKras*p53*-1 tumors harvested 
during the initial growth phase and of relapsed tumors. Scale bar 100um.  
(C) Tumor formation, regression, and relapse in NOD/SCID mice injected 
subcutaneously with primary cell line iKras*p53*-2. N=5. A second cohort of NOD/SCID 
mice were injected with iKras*p53*-2 cells, but maintained in the absence of doxy which 
do not develop tumors. N=10. The yellow line indicates the presence of doxy, black 
lines indicate the absence of doxy, arrows indicate harvest time-points. (D) Histology 
and pERK1/2 (inset), Ki67 and SMA expression of iKras*p53*-2 tumors during growth, 
regression, and relapse phases. Scale bar 100um. (E) Quantitative PCR for oncogenic 
Kras* and myc expression in iKras*p53*-2 tumors.  
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CHAPTER 4 

MAPK SIGNALING IS REQUIRED FOR DEDIFFERENTITATION OF ACINAR CELLS 
AND DEVELOPMENT OF PANCREATIC INTRAEPITHELIAL NEOPLASIA IN MICE4 

 
Abstract  

Background & Aims: Kras signaling via mitogen-activated protein kinase (MAPK) is 

highly up-regulated in pancreatic cancer cells. We investigated whether MAPK signaling 

is required for the initiation and maintenance of pancreatic carcinogenesis in mice. 

Methods: We studied formation and maintenance of pancreatic intraepithelial neoplasia 

(PanINs) in p48Cre; TetO-KrasG12D; Rosa26rtTa-IRES-EGFP (iKras*) mice and LSL-KrasG12D 

mice bred with p48Cre mice (KC mice). Mice were administered PD325901, which is a 

small molecule inhibitor of MEK1 and MEK2 (factors in the MAPK signaling pathway), 

along with caerulein, to induce pancreatitis. Other mice were administered PD325901 

only after PanINs developed. Pancreatic tissues were collected and evaluated using 

histologic, immunohistochemical, immunofluorescence, and electron microscopy 

analyses. Acinar cells were isolated from the tissues and the effects of MEK1 and 2 

inhibitors were assessed. Results: Administration of PD325901 prevented PanIN 

formation, but not pancreatitis, in iKras* and KC mice. In iKras* or KC mice treated with 

PD325901 5 weeks after PanINs developed, PanINs regressed and acinar tissue 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4	  This chapter has been accepted for publication in Gastroenterology as: Collins, M.A., 
Yan, W., Sebolt-Leopold, J.S., and Pasca di Magliano, M. 2013. MAPK signaling is 
required for dedifferentiation of acinar cells and development of pancreatic 
intraepithelial neoplasia in mice. Gastroenterology. Epub ahead of print.	  
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regenerated. The regression occurred through differentiation of the PanIN cells to acini, 

accompanied by re-expression of the acinar transcription factor Mist1. Conclusion: In 

iKras* and KC mice, MAPK signaling is required for the initiation and maintenance of 

pancreatic cancer precursor lesions. MAPK signaling promotes formation of PanINs by 

enabling dedifferentiation of acinar cells into duct-like cells that are susceptible to 

transformation. 

 

Introduction 

 Pancreatic ductal adenocarcinoma (PDA) is the most common form of pancreatic 

cancer, and the fourth leading cause of cancer death in the United States 

(http://seer.cancer.gov and http://www.cancer.org/Research/CancerFactsFigures). 

Mutations in Kras, most commonly KrasG12D (Kras*), characterize over 95% of human 

PDA samples (1, 2), and over 90% of precancerous Pancreatic Intraepithelial Neoplasia 

(PanIN) lesions (3). Utilizing genetically engineered mouse models, our group and 

others have previously shown that oncogenic Kras* expression is necessary for 

pancreatic cancer initiation and maintenance (4-6). However, the biological mechanisms 

underlying Kras*-driven carcinogenesis are not fully understood. 

 Kras activates numerous downstream effector pathways. One of the best-studied 

effector pathways is the Mitogen-Activated Protein Kinase (MAPK) cascade. Under 

normal conditions, MAPK signaling is tightly regulated and primarily activated by 

extracellular growth factor stimulation. Following receptor phosphorylation, Kras binds 

GTP and becomes active. Kras then activates the serine/threonine kinase Raf which 

phosphorylates, and subsequently activates, mitogen-activated protein kinase kinase 
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(MEK1/2). In turn, MEK1/2 phosphorylates extracellular signal-regulated kinase 

(ERK1/2), which translocates to the nucleus where it promotes transcription and cell 

cycle progression (for review see (7)). Here we investigated the role of MAPK signaling 

during the initial steps of pancreatic carcinogenesis.  

Interestingly, in humans, mutant Kras* expression initiates carcinogenesis 

inefficiently, as underscored by findings that the mutation occurs at a much higher rate 

than pancreatic cancer (8, 9). Similarly, in genetically engineered mouse models of 

pancreatic cancer, pancreas-wide expression of oncogenic Kras starting during 

embryogenesis results in sporadic PanIN formation postnatally over the course of 

several weeks (6).  Chronic pancreatitis is a well-known risk factor for pancreatic cancer 

in humans (10). In mice, mutations in Kras have been shown to work synergistically with 

both chronic and acute pancreatitis to drive tumorigenesis (11, 12). Pancreatitis is 

accompanied by upregulation of MAPK signaling in isolated acinar cells (13, 14), and in 

vivo (15). The upregulation of MAPK signaling is transient in wild-type animals but 

becomes sustained in the presence of oncogenic Kras*. However, whether MAPK 

signaling mediates pancreatitis-induced carcinogenesis has not been established. 

In the current study, utilizing two genetically engineered mouse models of 

pancreatic cancer, we show that MAPK signaling is required for the initiation and 

maintenance of PanIN lesions. Furthermore, we identify a new role for the MAPK 

pathway in regulating pancreatic acinar cell differentiation.  

 

Materials and Methods 
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Mice: Mice were housed in specific pathogen-free facilities of the University of Michigan 

Comprehensive Cancer Center. This study was approved by the University of Michigan 

University Committee on Use and Care of Animals (UCUCA). p48Cre (Ptf1aCre) mice 

(16) were intercrossed with TetO-KrasG12D (17) (expressing the murine mutant form 

Kras4BG12D) and Rosa26rtTa-IRES-EGFP (18) to generate p48Cre; TetO-KrasG12D; 

Rosa26rtTa-IRES-EGFP (iKras*) mice. LSL-KrasG12D mice were bred with p48Cre mice to 

create KC mice. Combinations of single or double mutants were used as littermate 

controls. The mice used in this study were of mixed genetic background.  

In vivo treatment: Doxycycline (Sigma) was administered in the drinking water at a 

concentration of 0.2g/L in a solution of 5% sucrose and replaced every 3-4 days. Acute 

pancreatitis was induced by two series of 8 hourly intraperitoneal injections with 

caerulein (Sigma) at a concentration of 75ug/kg over a 48-hour period, as previously 

described (4, 11). Mice were treated every 12 hours for the indicated treatment period 

with 10mg/kg of the MEK1/2 inhibitor PD325901 (Pfizer Pharmaceuticals) or vehicle 

control (0.5% hydroxypropyl methylcellulose, 0.2% Tween-80) by oral gavage. 

3D culture: iKras* mice were treated with doxycycline 24 hours before harvest for 3D 

culture. Pancreata from both iKras* and KC mice were harvested and then minced in 

1mm3 pieces. The tissue was further digested with 0.2mg/ml Collagenase P (Roche) in 

Hank’s balanced salt solution (HBSS, Invitrogen) for 10 minutes at 370C in a shaking 

water bath. After 3 washes with ice cold 5% FBS in HBSS, the cells were resuspended 

in 10 ml 5% FBS in HBSS and filtered through 100um cell strainer (BD Biosciences). An 

additional 10ml of 5%FBS/HBSS was used to wash the cell strainer. The cell 

suspension was then carefully layered on top of 20m of 30%FBS/HBSS and pelleted by 
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centrifugation at 180g for 2 minutes. The isolated acini were suspended in 4 ml 

Waymouth’s media (Invitrogen) (supplemented with 10% FBS, 0.1 mg/ml Soybean 

Trypsin Inhibitor, 1 µg/ml dexamethasone (Sigma), 1% penicillin and streptomycin) and 

8 ml Growth Factor Reduced BD Matrigel Matrix (BD Bioscience). Each 0.5 ml of acinar 

suspension in matrigel was then plated in each well of a 24-well plate, on top of a layer 

of collagen (0.3ml neutralized collagen/well, incubated at 370C for at least 1hr). Once 

the matrigel had solidified, 0.5ml of Waymouth medium was added to each well. U0126 

(Sigma) or PD325901 was added to the Waymouth’s media to give a final concentration 

of 10uM or 100nM respectively, and replaced during the media changes every 24 hours. 

Both U0126 and PD325901 are MEK1/2 inhibitors; PD325901 is a therapeutic drug and 

has been tested in the clinic. While both drugs are effective for in vitro work, only 

PD325901 is suitable for in vivo experiments. At day 4, in U0126 treated cultures, low 

magnification (20x objective) brightfield images were taken for 5 wells per group. The 

number of duct-like structures was counted and plotted as a percentage of total cell 

structures (ducts or clusters). A two-tailed unpaired t test was used for statistical 

analysis. 

Immunohistochemistry/Immunofluorescence: Histology and immunohistochemistry 

and immunofluorescence were performed as previously described (4). Primary 

antibodies used are listed in Appendix Table A1. Images were taken with an Olympus 

BX-51 microscope, Olympus DP71 digital camera, and CellSens standard v1.6 

software. For immunofluorescence, Alexa Fluor (Invitrogen) secondary antibodies were 

used. Cell nuclei were counterstained with DAPI (Invitrogen). TUNEL staining (Millipore) 
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was performed according to manufacturer’s instructions. The images were acquired 

using an Olympus IX-71 confocal microscope and FluoView FV500/IX software.  

Histopathological analysis: Histopathological analysis was performed on de-identified 

slides which were examined by a pathologist (W.Y.) as previously described (4, 19). For 

each slide, 5 low magnification (20x objective) images were taken from the center, top 

right, top left, bottom right and bottom left locations in order to cover most of the area of 

each section. A minimum of 50 total acinar or ductal clusters was counted from at least 

three independent animals for each group, as previously described (4, 19) Each cluster 

counted was classified as Acinar, ADM, PanIN1A, 1B, 2 or 3 based on the classification 

consensus (20). The data was expressed as percentage of total counted clusters. Error 

bars represent SEM.  

Transmission Electron Microscopy: Tissue was harvested and minced into 1mm3 

pieces and then fixed in 2.5% glutaraldehyde in 0.1M Sorensen’s buffer. Processing for 

transmission electron microscopy was performed by the University of Michigan 

Microscopy Image Analysis Core. Images were taken on Philips CM 100 transmission 

electron microscope with AMT V600 software. 

Quantification of CK19/amylase co-immunofluorescence: Five randomly selected, 

non-overlapping high-power images (60x objective) were taken from CK19/amylase co-

stained slides from 3-5 iKras* and KC samples for each group. All epithelial cells were 

counted and recorded as either only CK19 positive, co-expressing both CK19 

(membrane) and amylase (cytoplasm), or only amylase positive. Data was expressed 

as percentage of total epithelial cells counted, error bars represent SEM.  
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Quantification of apoptosis: The number of cells undergoing apoptosis, identified by 

positive cleaved caspase 3 staining, were counted from five randomly selected, non-

overlapping low-power areas (20x objective) from cleaved caspase 3 stained slides of 

3-7 iKras animals per group. The number of cells was averaged per mouse, and the 

data was expressed as the average number of cells per 20x field with each data point 

representing one animal. Error bars represent SEM.  

RT-qPCR: Tissue for RNA extraction was prepared through overnight incubation in 

RNAlater-ICE (Ambion) at -200C, then isolated using RNeasy Protect (Qiagen) 

according the manufacturer’s instructions. Reverse transcription reactions were 

conducted using a High-Cagacity cDNA Reverse Transcription Kit (Applied 

Biosystems). Samples for RT-qPCR were prepared with 1x SYBR Green PCR Master 

Mix (Applied Biosystems) and various primers (sequences found in Appendix Table A2). 

All primers were optimized for amplification under reaction conditions as follows: 95°C 

10 minutes, followed by 40 cycles of 95°C 15 seconds and 60°C 1 minute. Melt curve 

analysis was performed for all samples after completion of the amplification 

protocol. Cyclophilin was used as the housekeeping gene expression control. 

Western blots: Tissues were homogenized in RIPA buffer plus protease inhibitor 

(Sigma). Equal amounts of protein were electrophoresed in 4-15% gradient SDS-PAGE 

gels and transferred to PVDF membrane (BioRad). Membranes were blocked in 5% 

milk, and primary antibody incubations were performed overnight at 40C. See Appendix 

Table A1 for dilutions. Secondary antibody HRP-conjugated anti-rabbit (1:5000) was 

used and detected with Western Lightning Plus-ECL (Perkin Elmer). Protein bands were 

visualized on Hyblot CL autoradiography film (Denville Scientific).  
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Results 

Up-regulation of the MAPK pathway following acute pancreatitis 

We first investigated the activation of the MAPK pathway following the induction 

of acute pancreatitis in two genetically engineered mouse models of pancreatic cancer 

expressing oncogenic Kras*; iKras* and KC, and their littermate controls. While both 

models have pancreas-specific expression of Kras*, in iKras* mice the expression can 

be induced at will (4), while in KC mice the expression begins during embryonic 

development (6). Control, iKras* and KC mice (n=3-4/genotype) were aged to 4-6 

weeks, when most KC animals present with a normal pancreas (6). Doxycycline was 

administered to iKras* mice to induce expression of oncogenic Kras*. Pancreatitis was 

then induced through 8 hourly caerulein injections over a period of 2 consecutive days 

(4, 11). Tissues were harvested 2 days, 1 week, and 3 weeks post-pancreatitis, 

corresponding to acute pancreatitis-induced damage, recovery (in wild-type) or onset of 

fibrosis (in Kras mutant animals), and PanIN formation (in Kras mutant mice) 

respectively (scheme in Figure 4.1A). At 2 days, we observed tissue-wide acinar-ductal 

metaplasia (ADM) accompanied by inflammatory cell infiltration and edema in all three 

cohorts (Figure 4.1B).  Pancreatic damage was accompanied by up-regulation and 

nuclear translocation of pERK1/2, as previously described (13, 14), (15), indicating 

MAPK pathway activation in the pancreatic epithelial cells (Figure 4.1C). Tissue 

damage and MAPK pathway activation were transient in the control animals; 1 week 

following pancreatitis the tissue had recovered and expressed basal levels of pERK1/2 

(Figure 4.1B and 4.1C). Conversely, mice that express oncogenic Kras* displayed 
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impaired tissue repair. One week after the induction of pancreatitis, the pancreata of 

both iKras* and KC cohorts had extensive ADM and fibrosis (Figure 4.1B). Three 

weeks post-pancreatitis, we observed tissue-wide pancreatic intraepithelial neoplasia 

(PanIN) surrounded by abundant stroma in both iKras* and KC mice (Figure 4.1B). 

These dysplastic changes were accompanied by continued elevation of nuclear and 

cytoplasmic pERK1/2 levels (Figure 4.1C). Thus, up-regulation of MAPK signaling upon 

induction of pancreatitis was transient in control animals (13-15), but became sustained 

in the presence of oncogenic Kras*. 

 

Inhibition of MEK1/2 prevents inflammation-driven ADM/PanIN formation 

In the next set of experiments, we examined whether sustained activation of the 

MAPK pathway was required for the initiation of tumorigenesis. To block activation of 

the MAPK pathway following induction of pancreatitis, we utilized the small molecule 

MEK1/2 inhibitor PD325901. First, we investigated whether treatment with PD325901 

prevented caerulein-induced pancreatitis. Control animals (n=3/treatment group) were 

treated with either vehicle or PD325901 (10mg/kg) every 12h, starting 24h before 

pancreatitis and then throughout the duration of the experiment (see scheme in Figure 

4.2A). Two days post-pancreatitis, the pancreata of PD325901 treated animals were 

indistinguishable from vehicle-treated animals. Both cohorts displayed ADM, 

inflammatory cell infiltration, and edema (Figure 4.2B). Animals treated with the vehicle 

had elevated levels of pERK1/2 compared to untreated, whereas those animals treated 

with PD325901 had low pERK1/2 (Figure 4.2B and 4.2C), demonstrating the MEK1/2 
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inhibitor effectively blocked MAPK signaling, but did not prevent the induction of 

pancreatitis.  

Next, we inhibited MEK1/2 in both iKras* and KC mice prior to the induction of 

pancreatitis. iKras* animals were administered doxycycline starting at 4-6 weeks old 

and then continuously, to activate and maintain Kras* expression. Control littermates 

were also administered doxycycline water. Concurrently, the animals were treated with 

either vehicle or PD325901 every 12h to inhibit MAPK signaling (n=3/treatment group). 

No adverse effects were observed in any of the treatment groups. Age-matched KC 

animals (n=3/treatment group) were treated with vehicle or PD325901 every 12h. 

Pancreatitis was induced 72 hours following the initiation of treatment and the pancreata 

were harvested 1 week later (scheme in Figure 4.3A) when we expected the tissue to 

display ADM and early PanIN lesions (Figure 4.1B). Inhibition of MEK1/2 activity, 

measured as pERK1/2 levels by western blot, was confirmed in PD325901 treated 

control, iKras* and KC mice (Figure 4.3B). Control animals treated with either vehicle or 

PD325901 displayed normal tissue morphology 1 week post-pancreatitis (Figure 4.3C). 

Vehicle-treated iKras* and KC animals presented with frequent ADM and some PanIN 

lesions (Figure 4.3D and Figure 4.2D). KC mice had more PanINs than iKras* animals, 

possibly due to the fact that oncogenic Kras* had been active since early in 

development. As expected, vehicle treated animals had elevated pERK1/2 levels 

(Figure 4.3E). Strikingly, both iKras* and KC animals treated with PD325901 exhibited 

a morphologically normal pancreas, with rare ADM where cells may have escaped 

MEK1/2 inhibition (Figure 4.3E, compare to control animals Figure 4.3C), and no 

PanINs (Figure 4.3D and Figure 4.2D). 
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Pancreatitis induces acinar cell dedifferentiation to a duct-like state that has been 

hypothesized to be permissive for transformation (21, 22). Therefore, we performed co-

immunofluorescence for amylase (an acinar cell marker), CK19 (a ductal/PanIN cell 

marker), and smooth muscle actin (SMA - a marker for activated fibroblasts). In both 

iKras* and KC animals treated with vehicle we observed cells expressing both amylase 

and CK19, a feature of ADM. CK19 positive PanIN lesions were observed prevalently in 

KC mice (Figure 4.3F). The areas of ADM were surrounded by SMA positive 

fibroblasts, indicating an active stromal compartment. In contrast, immunofluorescence 

of iKras* and KC animals treated with the MEK1/2 inhibitor revealed no co-localization 

of CK19 and amylase (Figure 4.3F, compare to control in Figure 4.3C), indicating 

MAPK signaling is necessary for the dedifferentiation of acinar cells into duct-like cells. 

The induction of acute pancreatitis results in the influx of numerous inflammatory 

components into the tissue (23). In order to investigate the effect of inhibition of MAPK 

signaling in a cell-autonomous manner, we inhibited MEK1/2 using two different 

inhibitors, PD325901 and U0126, in an in vitro 3D culture system. Control, iKras*, and 

KC pancreata were harvested and digested with collagenase P to yield clusters of 

acinar cells (Figure 4.4A and Figure 4.5A). These acinar clusters were suspended in a 

3D matrigel matrix and treated with either the MEK1/2 inhibitor (PD325901, 100nM or 

U0126, 10uM) or DMSO. After 3-4 days in culture, control cells treated with DMSO 

maintained their acinar morphology, as shown by the H&E staining and amylase 

expression with some of the cell clusters developing into small duct-like structures 

expressing both CK19 and amylase (Figure 4.4B and Figure 4.5B). In contrast, almost 

all the cells expressing oncogenic Kras* formed large ducts that had lost most of their 
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amylase expression and were CK19 positive, or co-expressed both CK19 and amylase 

(Figure 4.4B). MEK1/2 inhibition with both U0126 and PD325901 prevented ADM of 

iKras* and KC cells, resulting in amylase-expressing clusters with acinar-like 

morphology, similar to the control cells (Figure 4.4B and Figures 4.5B and 4.5C). 

Thus, MAPK signaling is required for the dedifferentiation of acinar cells into duct-like 

cells and the subsequent initiation of tumorigenesis.  

 

MAPK signaling is required for PanIN maintenance 

 We have previously shown that PanIN lesions are continuously dependent on 

oncogenic Kras* expression for their maintenance (4). Here, we sought to determine 

whether MAPK signaling is a key Kras* effector for PanIN maintenance. Therefore, we 

treated PanIN-bearing iKras* and KC mice with the MEK1/2 inhibitor PD325901. First, 

Kras* was activated in adult (4-6 week) iKras* mice, then pancreatitis was induced in 

iKras* and age-matched KC animals (n=3-5/genotype/treatment group). Five weeks 

later, when tissue-wide PanINs were expected (4), we administered either PD325901 or 

vehicle. iKras* animals were treated for 1.5, 2, 3, 5, or 7 days, while the KC animals 

were treated for 2, 3, or 5 days (schemes in Figure 4.6A and Figure 4.8A). In iKras* 

animals, inhibition of MAPK signaling had no effect on oncogenic Kras* expression 

(Figure 4.7A), and western blot analysis confirmed a decrease in pERK1/2 levels over 

the course of treatment (Figure 4.6B). As expected, both iKras* and KC animals treated 

with vehicle had widespread PanIN formation (Figure 4.6C and Figure 4.8C, with 

quantification in Figure 4.6D and Figure 4.8B). The lesions had abundant intracellular 

mucin, a characteristic of PanIN cells, identified by PAS staining and expressed 
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Claudin-18 (24) (25) (Figure 4.7C). Moreover, the lesions were surrounded by a 

collagen rich desmoplastic stroma, measured by trichrome staining (Figure 4.7D), and 

expressed high levels of pERK1/2 (Figure 4.6C and Figure 4.8C). In iKras* mice, at 1.5 

days after PD325901 administration, PanINs were still prevalent, although they 

exhibited dramatically reduced pERK1/2 levels (Figure 4.6C). Acinar cells were 

apparent as early as 2 days and 3 days after PD325901 treatment and increased in 

number over the duration of MEK1/2 inhibition. Strikingly, by 5 days, very few PanIN 

lesions remained, and after 7 days the epithelial compartment consisted of only acinar 

cells and ADM (Figure 4.6C and quantification in Figure 4.6D). These acinar cells 

derived from cells that had undergone Cre recombination and therefore expressed 

oncogenic Kras, as shown by expression of the lineage tracing marker EGFP (Figure 

4.6C, insets). The question then arose whether carcinogenesis would resume upon 

release of MEK1/2 inhibition. Thus, we followed a similar experimental design as 

previously described (5 weeks on doxycycline following acute pancreatitis, then 5 days 

treatment with PD325901), then stopped administering the MEK1/2 inhibitor while 

keeping the mice on doxycycline for additional 7 days (scheme in Figure 4.6F).  

Analysis of the tissues showed that ADM and PanIN formation had resumed, and 

pERK1/2 expression was elevated (Figure 4.6F). 

KC mice treated with the MEK1/2 inhibitor also displayed evidence of recovery in 

the epithelial compartment. However, this recovery was delayed, as acinar cells did not 

arise until after 5 days of treatment, and PanIN lesions still persisted at this timepoint 

(Figure 4.8B and 4.8C). Interestingly, the delay in tissue repair of KC pancreata was 

not due to insufficient inhibition of MAPK signaling, as pERK1/2 levels were reduced at 
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all timepoints (Figure 4.8C). The difference in recovery between the two models may be 

attributed to their Kras* expression: while both models expressed active Kras* for the 

duration of the experiment, Kras* was active in KC animals for multiple weeks prior to 

the induction of pancreatitis. However, alternative explanations are possible, such as 

the use of different promoters between the two models driving Kras* expression. This 

difference may result in driving Kras* expression at higher or lower levels on a per cell 

basis. Even with the difference in the dynamics of tissue recovery between the two 

models we show that MAPK signaling was required to maintain PanIN lesions. 

 

PanIN cells re-differentiate to acinar cells upon MEK1/2 inhibition 

Notwithstanding the different kinetics of tissue recovery in KC and iKras* mice, 

the two sets of samples shared some key characteristics. Upon MEK1/2 inhibition, both 

iKras* and KC samples showed a decrease in the number of proliferating PanIN cells 

(Figure 4.6D and Figure 4.8B) as measured by both PCNA and Ki67 immunostaining 

(Figure 4.6C, Figure 4.7E and Figure 4.8C), despite the continued expression of Kras* 

(continuous doxycycline administration). Strikingly, upon MEK1/2 inhibition we observed 

an increase in proliferation in the acinar compartment, as revealed by PCNA and 

amylase co-staining (Figure 4.6C).  Additionally, examination of the stroma revealed 

the loss of SMA expression in the fibroblasts (Figure 4.8D and Figure 4.9), thus 

indicating the fibroblasts had lost their active status upon MEK1/2 inhibition.  

In order to determine if the loss of PanIN lesions following PD325901 treatment 

was due to cell death, we performed immunohistochemistry for cleaved caspase-3, a 

marker of apoptosis, as well as TUNEL staining. We observed rare positive staining at 
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all time points in iKras mice (Figure 4.6C and Figure 4.7F). Quantification of cleaved 

caspase-3 confirmed that the death of PanIN cells was unlikely to explain their 

elimination from the tissue over time (Figure 4.6E). In KC animals there was a modest 

increase in cell death after 2-3 days of MEK1/2 inhibition, but this appeared to be a 

transient effect as by 5 days after inhibition very few dying cells were observed (Figure 

4.8C). We have previously described redifferentiation of PanIN cells to the acinar 

lineage upon Kras* inactivation at the very initial stages of carcinogenesis (4). To 

investigate whether a similar phenomenon was occurring upon MEK1/2 inhibition, we 

performed co-immunofluorescence for amylase and CK19. Both iKras* and KC animals 

treated with vehicle presented with PanIN lesions positive for CK19 and the rare 

amylase positive cell (Figure 4.8D left column, and Figure 4.9A top row). After only 1.5 

days of treatment with PD325901, iKras* tissues revealed cells co-staining for both 

CK19 and amylase, and few cells exclusively expressing amylase (Figure 4.9B, top row 

and 4.9F). Twelve hours later, at the 2 day time point, amylase-positive acinar cells 

represented approximately 30% of the epithelial cells. Cells within the PanIN lesions 

that co-expressed CK19 and amylase were easily identified (Figure 4.9C, 2d top row 

and 4.9F). The percentage of acinar cells increased to almost 50% after 3 days of 

PD325901 administration (Figure 4.9D, 3d top row and 4.9F). At this time point, almost 

all of the PanIN-like cells expressed amylase within the cytoplasm and CK19 along the 

membrane (Figure 4.9D, 3d top right). By 5 days and 7 days after treatment, the 

epithelial compartment was primarily composed of amylase positive acinar cells, with 

occasional CK19/amylase co-expressing cells (Figure 4.9E, top row and 4.9F). A 
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similar redifferentiation process was also observed in KC tissues, albeit with a slower 

dynamic of recovery than observed in iKras* mice (Figure 4.9D).  

To further investigate the PanIN-acinar transition in iKras* tissues, we utilized 

transmission electron microscopy (TEM). Normal acinar cells have two very distinct 

features when observed under TEM; first, the nucleus is round and located basally, and 

second, the cytoplasm is filled with large zymogen granules (26, 27). In contrast, PanIN 

cells had few small zymogen granules (ZG) in their cytoplasm, highly atypical nuclei, 

and microvilli on their luminal (L) edge (Figure 4.9A, bottom row). Upon 1.5 days of 

MEK1/2 inhibition, we observed rare cells presenting with an increased number of 

zymogen granules (Figure 4.9B, bottom row). After 2 days of treatment, the tissue was 

heterogeneous with acinar-like cells containing large zymogen granules and 

surrounding a smaller lumen (Figure 4.9C, bottom left) intermixed with residual cells 

with PanIN morphology. Interestingly, among the latter, a subset of cells had abundant 

vesicles in the cytoplasm (Figure 4.9C, bottom right). After 3 days, acinar cells 

characterized by large granules, small lumens, and rounder nuclei became prevalent 

(Figure 4.9D, bottom left). Within the residual PanIN-like cell population, most 

contained large, increased zymogen granules (Figure 4.9D, bottom right). By 5 days 

and 7 days after MEK1/2 inhibition, the emerging acinar cells appear morphologically 

normal with large, numerous zymogen granules, round nuclei, and surround a small 

lumen (Figure 4.9E). The increase in zymogen granules correlated with the increased 

expression of amylase and elastase over the course of PD325901 treatment (Figure 

4.9F), providing further evidence that the PanIN cells were redifferentiating into acinar 

cells.  
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 In order to further characterize the mechanism of epithelial reprogramming, we 

looked at the expression of pancreatic differentiation and progenitor markers. Mist1 has 

been shown to be responsible for induction and maintenance of the acinar cell 

differentiation, even in the context of oncogenic Kras* expression (28-30). Mist1 is not 

expressed in PanIN lesions (Figure 4.10A, top). Inhibition of MAPK signaling resulted in 

rapid upregulation of Mist1 mRNA in both iKras* and KC tissues (Figure 4.10E and 

4.10F), and re-expression of Mist1 in PanIN lesions (Figure 4.10A). The number of 

Mist1-postive cells increased over the course of treatment until most of the acinar-

epithelial cells expressed Mist1 at 7 days (Figure 4.10A). In parallel with the increase in 

Mist1 expression, we observed an increase in Gata6, a transcription factor shown to 

regulate Mist1, at the early time points (Figure 4.7B and Figure 4.10E) (31). We also 

analyzed the expression of the pancreatic progenitor markers Hes1, Pdx1, and Sox9 

(32-34). All three of these markers are upregulated in PanIN lesions upon Kras* 

activation (4). MEK1/2 inhibition did not initially affect the expression of these factors. 

However, once PanIN regression had occurred and acinar cells had formed, their 

expression was reduced (Figure 4.10B, 4.10C, 4.10D, 4.10E and 4.10F). Expression of 

Pdx1 and the progenitor markers Foxa1 and Foxa2, which regulate Pdx1 expression 

during pancreatic development (35), also decreased upon MEK1/2 inhibition (Figure 

4.7B and Figure 4.10E). Interestingly, Sox9 protein was still evident at 7 days (Figure 

4.10D), but RT-qPCR analysis revealed that Sox9 mRNA levels were reduced (Figure 

4.10E and 4.10F). Taken together, our data demonstrate that the MAPK pathway was 

required for maintaining PanIN lesions by promoting acinar dedifferentiation.  
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Discussion 

 We have previously shown that oncogenic Kras* is required throughout 

pancreatic carcinogenesis, from precursor lesions to metastatic tumors (4, 36). Among 

downstream effectors of Kras, the MAPK and PI3K pathways have been implicated in 

pancreatic cancer progression; however, the relative importance of these two pathways 

during different stages of pancreatic carcinogenesis is still a matter of debate (37, 38). 

This question is highly clinically relevant, since inhibitors to both pathways are being 

tested in clinical trials against a variety of solid tumors (39, 40). Moreover, the biological 

role of each of these pathways in the normal pancreas and in pancreatic disease is 

poorly understood. Here, we focused on the MAPK pathway and endeavored to 

understand the effects of its activation during the initial stages of pancreatic 

carcinogenesis.  

 The MAPK pathway is upregulated during pancreatitis and the initiating stages of 

tumorigenesis following pancreatitis (4, 13, 14). Previous studies had shown that MAPK 

activity is sufficient (37) and required (41) for ADM and PanIN formation; however, the 

biological function of MAPK signaling during the early stages of pancreatic 

carcinogenesis had not been explored. This was the goal of our study.  

Since Kras* is required for PanIN maintenance (4), we investigated the 

requirement for MAPK signaling in PanIN lesions. Inhibition of MEK1/2 in both iKras* 

and KC animals harboring PanINs resulted in regression of the lesions and the recovery 

of acinar cells. Interestingly, the newly formed acinar cells were highly proliferative, 

despite the continued inhibition of MAPK signaling, possibly due to c-Jun/AP1 signaling 

(42). Thus, the MAPK signaling pathway is not required for acinar cell proliferation, at 
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least in the context of PanIN regression. However, current evidence does not point at 

MAPK inhibition promoting acinar differentiation, rather at it being permissive for 

proliferation when other stimuli are present. The differential effect of MAPK inhibition on 

different cell types, both epithelial and mesenchymal, will warrant further investigation.  

Intriguingly, the mechanism underlying the recovery upon MAPK inhibition 

differed from that of Kras* inactivation at the same time point. Removal of Kras* 

expression in iKras* animals at the late PanIN stage (Kras* ON for 5 weeks) resulted in 

extensive cell death (4). In contrast, inhibition of MEK1/2 in iKras* animals yielded little 

to no apoptosis. It is likely that the difference observed between the inactivation of Kras* 

versus MEK1/2 inhibition in established PanINs is due to the fact that blocking Kras* 

signaling shuts down numerous downstream pathways at once, many of which promote 

cell survival, subsequently resulting in cell death. Thus, MAPK inhibition recapitulates 

some aspects of Kras* inactivation, namely the regression of PanINs, but not others, 

such as the reduced survival. Thus, MAPK inhibition should be combined with the use 

of agents that block PanIN/tumor cell survival. Failing that, MAPK inhibition might result 

in quiescence of the redifferentiated cells, but release of the inhibition might lead to 

rapid relapse. Our results following transient MAPK inhibition do indeed indicate that 

carcinogenesis resumes once the inhibition is released. These findings should be 

considered when planning to use MAPK inhibitors as therapeutic agents in pancreatic 

cancer.  

Interestingly, our results revealed a previously unrecognized role of MAPK 

signaling during the dedifferentiation of pancreatic acinar cells to duct-like cells, a 

process that has been hypothesized to constitute the first step of pancreatic 
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carcinogenesis (21, 43). This process is mediated by MAPK-dependent changes in the 

expression of several pancreatic transcription factors that play opposing roles, with 

Sox9 promoting (21) and Nr5a2 and Mist1 preventing dedifferentiation (30, 44). MEK1/2 

inhibition resulted in the rapid up-regulation of the acinar transcription factor Mist1 in 

PanIN cells, which preceded their redifferentiation to acinar cells (Figure 4.11). Our 

data support previous findings indicating that forced expression of Mist1 in neoplastic 

tissue results in the recovery of acinar cells (30). In contrast, transcription factors such 

as Hes1 and Pdx1 that are expressed in PanINs were repressed during acinar 

redifferentiation.  

Taken together, our data show that MAPK is required for both the formation and 

the maintenance of PanIN lesions, and that it functions by promoting dedifferentiation of 

acinar cells. Therefore, during the initiation and progression of pancreatic cancer, the 

MAPK pathway hijacks the plasticity of the tissue to promote tumorigenesis. 
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Figure 4.1 
Induction of pancreatitis results in an upregulation of MAPK signaling. (A) 
Experimental design (n=3-4/genotype/time point). (B) HE staining (scale bar 50um) and 
(C) immunohistochemistry for pERK1/2 (scale bar 20um) in control, iKras*, and KC 
pancreata 2 days, 1 week, and 3 weeks following acute pancreatitis. 
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Figure 4.2 
Acute pancreatitis is not affected by MEK1/2 inhibition. (A) Experimental design 
(n=3/treatment group). (B) HE staining (scale bar 50um) and pERK1/2 
immunohistochemistry (scale bar 20um) of control animals untreated or treated with 
either vehicle or PD325901. (C) Western blot analysis for pERK1/2, total-ERK1/2, and 
GAPDH for control pancreata 2 days following pancreatitis treated with vehicle (-) or 
PD325901 (+). (D) Experimental design and HE staining (scale bar 50um) of 
representative images from individual iKras* and KC mice either treated with vehicle or 
PD325901 
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Figure 4.3   
Inhibition of the MAPK pathway prevents initiation of tumorigenesis. (A) 
Experimental design (n=3/genotype/treatment group). (B) Western blot for pERK1/2 and 
total-ERK1/2 in control, iKras*, and KC tissues treated with vehicle (-) or PD325901  (+). 
(C) HE staining (scale bar 50um), pERK1/2 immunohistochemistry (inset, scale bar 
20um) and co-immunofluorescence for CK19 (PanIN/ducts), amylase (acinar cells), and 
SMA (activated fibroblasts), with nuclei denoted by DAPI for control animals treated with 
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either vehicle or PD325901. (D) HE staining (scale bar 50um), (E) pERK1/2 
immunohistochemistry (scale bar 20um), and (F) CK19, amylase, SMA co-
immunofluorescence (scale bar 20um) shows MEK1/2 is required for the initiation and 
formation of PanIN lesions in iKras* and KC pancreata. 
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Figure 4.4 
MEK1/2 inhibition blocks ADM in 3D culture. Bright field, HE staining and 
CK19/amylase co-immunofluorescence of 3D acinar clusters from control, iKras*, and 
KC pancreata (A) 1 day and (B) 3 days after DMSO or PD325901 treatment. Scale bars 
20um. 
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Figure 4.5 
Inhibition of ADM in 3D culture by the MEK1/2 inhibitor U0126. Bright field, HE 
staining and amylase immunofluorescence of 3D acinar clusters from control, iKras*, 
and KC pancreata (A) 1 day and (B) 4 days after DMSO or PD325901 treatment. (C) 
Quantification of the percent of ADM after 4 days in culture with (+) or without (-) U0126 
treatment. The statistical difference between the % ADM in control, iKras* and KC 
cultures was determined by two-sided Student's t-test. **p<0.01, ***p<0.001, 
****p<0.0001. 
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Figure 4.6 
MAPK signaling is required for the maintenance of PanIN lesions in iKras* mice. 
(A) Experimental design (n=3-5/treatment group). (B) Western blot for pERK1/2 and 
total-ERK1/2 from control and iKras* mice treated with vehicle (-) or PD325901. (C) HE 
staining (scale bar 50um) and immunostainings for pERK1/2, PCNA/CK19/amylase 
(nuclei denoted by DAPI, yellow arrows highlight PCNA/CK19 positive cells and white 
arrows indicate PCNA/amylase positive cells), and cleaved caspase 3 in iKras* tissues 
treated with either vehicle or PD325901 (scale bars 20um). (D) Histopathological 
analysis, data represent mean ± SEM. (E) Quantification of the average number of 
cleaved caspase 3 positive cells per 20x field of view, each point indicates one animal. 
(F) Experimental design, HE (scale bar 50um) and pERK1/2 (scale bar 20um) staining 
for iKras (n=3) mice following the release of MEK1/2 inhibition.  
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Figure 4.7 
Characterization of iKras* tissues upon MEK1/2 inhibition. (A) RT-qPCR for 
transgenic Kras* expression. (B) Periodic Acid Schiff (PAS) staining identifies mucin 
positive PanIN lesions (scale bar 50um) and immunohistochemistry for the PanIN 
marker Claudin-18 (inset, scale bar 20um). (C) Gomori’s Trichrome staining highlights 
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collagen in the extracellular matrix around the recovering epithelium (scale bar 50um). 
(D) Ki67 immunohistochemistry (scale bar 20um) and (E) TUNEL staining (co-
immunofluorescence with CK19 marking PanIN lesions, scale bar 20 um) show an 
increase in cell proliferation and very little cell death, respectively.  
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Figure 4.8 
MEK1/2 inhibition in KC animals results in PanIN regression. (A) Experimental 
design (n=3-5/treatment group).  (B) Histopathological analysis, data represent mean ± 
SEM. (C) HE staining (scale bar 50um) and immunohistochemistry for pERK1/2, Ki67, 
and cleaved caspase 3 in KC pancreata treated with vehicle or PD325901 (scale bars 
20um). (D) Co-immunofluorescence for CK19, amylase, and SMA in KC tissues upon 
MEK1/2 inhibition (scale bar 20um). Quantification of CK19-positive, amylase-positive, 
and CK19/amylase-double positive epithelial cells. 
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Figure 4.9 
Redifferentiation of PanIN cells into acinar cells upon MAPK inhibition in iKras* 
mice. Co-immunofluorescence for CK19, amylase, and SMA (top rows, scale bar 20um) 



	   164	  

and transmission electron microscopy (TEM, bottom rows, scale bar 2um) for iKras* 
animals treated with (A) Vehicle or (B) PD325901 for 1.5 days, (C) 2 days, (D) 3 days, 
(E) 5 days and 7 days. Luminal spaces (L), and zymogen granules (ZG and arrows) are 
highlighted in the TEM images. (F) Quantification of CK19-positive, amylase-positive, 
and CK19/amylase-double positive epithelial cells and RT-qPCR for acinar markers 
amylase and elastase relative to the epithelial marker E-cadherin. 
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Figure 4.10  
MAPK signaling regulates the expression of pancreatic transcription factors. 
Immunohistochemistry for (A) Mist1, (B) Hes1, (C) Pdx1 and (D) Sox9, for iKras 
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animals treated with either vehicle or PD325901 (scale bars 20um). RT-qPCR for Mist1, 
Hes1, Pdx1, and Sox9 for (E) iKras* and (F) KC tissues.  



	   167	  

 

Figure 4.11 
MAPK signaling prevents acinar differentiation in iKras* mice. Proposed model for 
the role of the MAPK pathway during pancreatic carcinogenesis. Oncogenic Kras* 
expression results in active MAPK signaling. Up-regulation of MAPK transduction in 
acinar cells results in acinar-ductal metaplasia and eventually dedifferentiation of acini 
into PanIN lesions. Inhibition of the MAPK in PanIN lesions results in a redifferentiation 
of the precancerous cells back into acinar cells. 
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CHAPTER 5 

CONCLUSION5 

 

 My thesis work has focused on elucidating the requirement of oncogenic Kras 

during pancreatic cancer progression. While Kras is required for the initiation of 

pancreatic cancer (1), its potential role in disease maintenance was unknown. Using 

genetically engineered mouse models to modulate oncogenic Kras (Kras*) expression, I 

have determined that Kras* is necessary to maintain all stages of tumorigenesis – from 

precursor lesions to metastatic disease. Thus, my results suggest that Kras* inhibition 

has potential therapeutic benefit in pancreatic cancer.  

To gain further mechanistic insight into how Kras* promotes pancreatic 

tumorigenesis, I have investigated the effect of modulating the mitogen-activated protein 

kinase (MAPK) pathway, a downstream effector of Kras. Although the MAPK pathway is 

active in pancreatic ductal adenocarcinoma (PDA), its biological role in this disease is 

not fully understood. I have shown that MAPK signaling regulates the differentiation 

status of pancreatic acinar cells, and its activity is required to initiate and maintain 

dedifferentiation of those cells to a ductal-like status that is permissive for oncogenic 

transformation. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5	  Portions of this chapter have been published in: Collins, M.A. and Pasca di Magliano, 
M. 2014. Kras as a key oncogene and therapeutic target in pancreatic cancer, Front 
Physiol. 4:407	  
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Oncogenic Kras is required for all stages of pancreatic cancer 

The use of human pancreatic cancer cell lines provided the first system to 

address the role of oncogenic Kras in tumor maintenance and gain insight in the 

biologic role of Kras* signaling in tumors.  Most cell line studies have relied on 

traditional cell culture systems, thus they did not recapitulate the three-dimensional 

relationship within the tumor nor the interactions between tumor cells and their 

microenvironment. Nevertheless, knockdown studies have identified Kras*-dependent 

and independent human cell lines, and identified a Kras* “signature” (2). Amplification of 

not only Kras*, but also upregulation of genes involved in cell survival as well as 

epithelial differentiation are key characteristics found in the Kras*-dependency signature 

and are predictive of Kras* “addiction” (2). More recently, ductal and quasi-

mesenchymal subsets of primary human tumors were identified (3). In addition to 

different morphology and expression of ductal genes versus mesenchymal-lineage 

genes – hence the nomenclature- the two subsets differed in their dependence on 

oncogenic Kras*. In fact, ductal cells were Kras-dependent both in vitro and when 

transplanted into immune-compromised mice, while cell lines with quasi-mesenchymal 

characteristics were Kras*-independent (3).   

Here, I have addressed the question of Kras* dependency in a new genetically 

engineered mouse model of pancreatic cancer. The inducible-KrasG12D (iKras*) model 

allowed for the first time expression of oncogenic Kras in an inducible, tissue-specific 

and reversible manner. Thus, oncogenic Kras could be turned off at different stages of 

carcinogenesis and the effects studied.  Kras* inactivation in early stage PanINs 

resulted in rapid tissue remodeling where the PanIN cells re-differentiated into acinar 
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cells. In contrast, Kras* inactivation in advanced PanINs led to massive epithelial cell 

death, together with some redifferentiation of acinar cells that then became proliferative 

and partially repopulated the pancreas parenchyma.   

Removal of oncogenic Kras signaling not only resulted in the regression of PanIN 

lesions, but also resulted in the regression of primary tumors, even in the context of 

other genetic alterations, such as loss (p53+/-) or mutant p53 (p53*). The use of 

magnetic resonance imaging allowed us to observe not only the primary tumor but also 

the liver metastases in the same animal over time. Strikingly, we did not observe tumor 

relapse after approximately 6 months following Kras* inactivation in the iKras*p53+/- 

mice. However, reactivation of the oncogene in iKras*p53* animals resulted in rapid 

tumor growth, indicating a population of cells that remain dormant. Tumor relapse was 

also seen when iKras*p53* cells were injected subcutaneously into 

immunocompromised mice. It is important to note that in these experiments Kras* was 

not re-activated, demonstrating that these cells had acquired an escape mechanism 

(Figure 5.1). Not only did we observe doxy-independent expression of the Kras* 

transgene, but we also saw an increase in the expression of c-myc, which has also 

been described as sufficient to drive pancreatic tumorigenesis and recurrence (4). 

Further studies will be essential to determine why a subset of cells survives Kras* 

inactivation. Why is this subpopulation not addicted to Kras? Have they activated 

another oncogenic pathway, such as c-myc? Are Kras* effector pathways active 

regardless of Kras* activity? Is the loss of the tumor suppressor(s), in this case p53, 

sufficient to drive tumor formation regardless of Kras* activity in these cells? 

Additionally, wild-type forms of Ras can provide a feedback loop upon growth factor 
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stimulation in cancer cells harboring mutant Ras (5). Are these cells able to permit 

“oncogenic” signaling through wild-type Ras?  

 

The MAPK pathway mediates the tumorigenic effects of Kras*  

Further work in Chapter 4 demonstrated that the MAPK pathway is required to 

mediate the tumorigenic effects of Kras* and promotes the formation of PanIN lesions. 

Specifically, we found that activation of MAPK signaling drives the dedifferentiation of 

acinar cells into a progenitor-like state and the cells take on a ductal morphology. 

Interestingly, inhibition of the MAPK pathway in PanIN lesions did not completely 

recapitulate the effect of Kras* inactivation. Animals with Kras* active for 5 weeks 

following pancreatitis present with advanced PanIN lesions throughout the pancreas. 

There are key differences between Kras* inactivation and inhibition of MAPK signaling 

at this stage of tumorigenesis. Inactivation of oncogenic Kras* resulted in an increase in 

the death of the established PanIN cells. However, inhibition of just the MAPK pathway 

in these cells did not result in their death, instead the cells redifferentiated back into 

acinar cells – a phenotype similar to that of Kras* inactivation in early PanINs (Kras* ON 

3 weeks). This indicates that the tumorigenicity of the cells is dependent on multiple 

mechanisms downstream of Kras*, for when only the MAPK pathway is inhibited there 

is another player promoting survival of the cells, most likely the PI3K pathway (6). 

Therefore, we show, in the context of pancreatic tumorigenesis, that the activation of the 

MAPK pathway has a primary role in altering the differentiation status of the epithelial 

cells making them pro-tumorigenic.  
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 The exact mechanism underlying how MAPK regulates the differentiation status 

of the acinar/PanIN cells remains to be determined. Upon MEK1/2 inhibition, we saw 

the re-expression of Mist1, a transcription factor important in maintaining the acinar 

phenotype (7, 8), which resulted in the redifferentation of the PanINs cells. Therefore, 

we concluded that the MAPK pathway may be promoting the dedifferentiation of the 

acinar cells by inhibiting the expression of Mist1. However, the process by which MAPK 

signaling prevents the expression of Mist1 requires further investigation. One 

hypothesis is that the MAPK pathway regulates the dedifferentiation of the cells by 

directly preventing the transcription of Mist1 in the acinar compartment. The rodent 

Mist1 gene has been found to have a number of binding sites for the transcription factor 

specificity protein 1 (SP1) in its promoter region (9, 10). Additionally, the MAPK pathway 

has been shown to directly activate SP1 through phosphorylation by ERK1/2 and 

therefore impact downstream transcription (11-13). If this connection holds true in acinar 

cells, then SP1 potentially links the MAPK pathway to Mist1. However, another 

possibility is that the activation of the MAPK pathway induces a cellular context that is 

now permissive for other signaling mechanisms to promote the dedifferentiation and 

subsequent tumorigenesis of the cells. Whatever the mechanism, further investigation is 

needed to better understand the plasticity of these cells. 

 

The biological role of Kras 

The biological function of Kras signaling in pancreatic cancer cells is still being 

investigated, and in addition to the work presented in this dissertation, some important 

progress in this area has been achieved only very recently. Ying et al. used iKras* mice 
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to perform microarray expression analysis experiments. Interestingly, several genes 

involved in metabolism were identified as regulated by Kras* (14). In fact, Kras* appears 

to induce the switch between a mostly aerobic metabolism, characteristic of the healthy 

pancreas, and an anaerobic mechanism mainly through the lactic acid pathway, which 

is associated with cancer cells. Additionally, Kras* regulates glutamine metabolism 

through non-canonical methods to aid in the maintenance of the tumor cell’s redox state 

(15). Moreover, the activation of the reactive oxygen species detoxification program is 

regulated by Kras (16) Reactive oxygen species (ROS) are thought to be mutagenic 

and promote cancer, while the ROS detoxification program is thought to be beneficial to 

the cell by clearing away the toxic compounds; however, the data presented by 

DeNicola et al. contradict this concept. Specifically, the authors show that oncogenic 

Kras promotes tumorigenesis by inducing expression of nuclear erythroid-derived 

related factor 2 (Nrf2), a key component in the ROS detoxification program, and that 

reducing ROS levels is necessary for PanIN/cancer progression (16). Thus, if the ROS 

detoxification program is impaired as it occurs in mice lacking Nrf2 expression, then 

pancreatic carcinogenesis is inhibited, indicating that this is a fundamental mechanism 

to allow cells to bypass early barriers to carcinogenesis.  Kras* also regulates other key 

cellular functions related to the elevated energy needs of cancer: macropinocytosis, 

induced by oncogenic Kras, allows the cancer cells to acquire albumin from the 

surrounding extracellular space, and use it to produce Krebs cycle intermediates (17). 

These studies further provide insight into the role of Kras*. 

In addition to intracellular factors regulated by Kras*, the interactions between the 

tumor cells and their microenvironment are also controlled by this oncogene. In Chapter 
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2, we showed inactivation of Kras* in early PanINs resulted in the clearing of the 

surrounding desmoplastic stroma. In contrast, at the advanced PanIN stage we did not 

see complete remodeling of the stromal compartment. However, we did see a loss of 

proliferation and smooth muscle actin expression in the stroma, consistent with the 

conversion of an active stroma to scar tissue-like fibrosis. This drastic change in the 

“behavior” of the stromal compartment upon Kras* inactivation at the early versus 

established PanINs (which was only a difference of 2 weeks of Kras activation) is quite 

remarkable. Are these established lesions sending out different signals to the 

microenvironment? Is the surrounding stroma committed to the tumorigenic program at 

the more advanced stage and therefore is not as easily cleared? Or does the death of 

the PanIN cells upon the inactivation of Kras* prevent specific signals from reaching the 

microenvironment that would have told it to begin remodeling?  

It is more than likely multiple signals regulate the interactions between Kras*-

expressing epithelial cells and the surrounding microenvironment. One potential 

mechanism for the remodeling of the stroma is through the MAPK pathway. We found 

that inactivation of Kras* in the epithelium at the early PanIN stage resulted in an 

upregulation of MAPK signaling in the stromal compartment. Moreover, tissue-wide 

inhibition of MEK1/2 resulted in the redifferentiation of PanIN cells, but prevented 

stromal remodeling. The latter is interesting and encourages further study. If the 

redifferentiating cells are sending out signals instructing the microenvironment to 

remodel, can it not do so because the MAPK pathway is inhibited in the responding 

stroma or because oncogenic Kras* expression is still on and therefore promoting other 

signals? To tease this apart, one could inhibit MEK1/2 upon Kras* inactivation. This, in 
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combination with the result from the experiments in Chapter 4, would determine whether 

the inability of the stroma to clear away is due to signals sent from active Kras*, or from 

the lack of responsive MAPK signaling in the stroma compartment. Ideally, inactivation 

of MAPK signaling exclusively in the stroma would better address this question; 

unfortunately, those tools have yet to be optimized. It is important to note however, that 

in the case of the MEK1/2 inhibition, we do see the desmoplastic stroma lose its 

reactive status, decrease in proliferation and smooth muscle actin expression, indicating 

other players at work.  

Another one of the signals mediating the interaction between the tumor cells and 

the surrounding fibroblasts within the stroma might be Sonic Hedgehog (Shh), one of 

the Hedgehog (Hh) pathway ligands that is secreted by the tumor cells (18, 19), and 

activates signaling in a paracrine manner in fibroblasts (20). Our data in Chapter 2 

demonstrated that Kras* actively regulates the Hh pathway as we saw a decrease in the 

expression of the Hh ligand, Shh, upon Kras* inactivation. Interestingly, even though 

Shh expression was reduced we did not see a decrease in Hh response, shown by 

expression of the target genes patched 1 (Ptch1) and Gli1. Specifically, we saw in 

iKras*Gli1LacZ/+ reporter mice that the expression of the target gene Gli1 remains 

elevated in the stromal compartment. This lack of response by Hh target genes may be 

partially explained by non-canonical signaling mechanisms, such as the transforming 

growth factor β (TGFβ) pathway (21), which may be also regulated by Kras* via MAPK 

signaling (22). We have also found, through additional analysis of iKras*;Gli1LacZ/+ mice, 

that the extended expression of Gli1 is needed for complete remodeling of the stroma 

(Figure 5.2A-C). While this increased expression of Gli1 may be regulated by non-
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canonical mechanisms, such as TGFβ signaling, and therefore not Hh mediated, we 

show that this is due, at least in part, to the Hh pathway. Inhibition of Hh signaling in 

iKras* mice results in a similar failure of the stroma to completely remodel upon Kras 

inactivation when compared to iKras*Gli1LacZ/+ animals (Figure 5.2D). Therefore, we 

can conclude that remodeling of the stroma, upon Kras* inactivation, is partially 

mediated by a cross-talk mechanism via Hh signaling. 

 

Translational impact 

In terms of translational potential of these studies, it is worth noting that Kras-

independent tumors were not observed in this mouse model, potentially indicating a 

mouse versus human difference. However, the tumors did broadly fall in a ductal and a 

quasi-mesenchymal category, both of which required Kras for growth in vivo. Primary 

tumor cell lines derived from iKras* mice carrying a mutant allele of p53 were Kras-

independent for their growth in two-dimensional cell culture, but required Kras for three-

dimensional growth. The work in this thesis validates the efforts underway by others to 

develop Kras inhibitors, however, the persistence of some tumor cells upon Kras 

inactivation indicates that Kras inhibitors - were they to become available - might not 

completely “cure” pancreatic cancer. The concern is for the surviving cells to eventually 

either become resistant to Kras, or grow back when Kras inhibition is released. Thus, it 

will be important in the future to understand the mechanism(s) that allow a subset of 

tumor cells to survive Kras inhibition and achieve long-term dormancy. 

 The work in this thesis also validates the MAPK pathway as a therapeutic target. 

However, we show that inhibition of MAPK signaling does not kill the pre-tumor PanIN 
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cells, instead it reverts them into a “normal” acinar state. While the recovered acinar 

cells appear to be functional, they quickly relapse upon the release of MEK1/2 inhibition 

and PanIN formation occurs quite rapidly. It is important to note that our studies were 

limited by the duration of MEK1/2 treatment, and therefore, extended inhibition may 

result in complete recovery of the acini where they are no longer “primed” for PanIN 

formation. There is the risk that because MEK1/2 inhibition does not kill the cells out-

right, they will have more time to develop an escape mechanism and become resistant 

to the therapy. Therefore, MAPK inhibition will most likely need to be performed in 

combination with other treatment options.  

 

Summary 

 Taken together, the data presented in this dissertation expands our 

understanding of the role of oncogenic Kras* in pancreatic cancer. Until now, the 

requirement for Kras* during pancreatic carcinogenesis had not been addressed in a 

system that recapitulated all stages of tumor progression. Using our new iKras* model, I 

found that not only are pancreatic tumors dependent on Kras* signaling, but also that 

Kras* is required to maintain primary tumors and their metastases even in the context of 

additional genetic mutations. Furthermore, this work highlights the importance of the 

MAPK pathway as a mediator of Kras signaling during tumorigenesis. I have also 

identified a novel mechanism by which MAPK signaling promotes pancreatic tumor 

progression; through the dedifferentiation of acinar cells into a progenitor and 

protumorigenic state. The work here provides a new tool and a basis for further 



	   182	  

investigation into the biological role of Kras signaling during pancreatic tumorigenesis, 

and also validates the efforts by so many others in the search for a Kras* inhibitor.  
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Figures 

 

Figure 5.1 
Oncogenic Kras in pancreatic cancer progression and maintenance. Oncogenic 
Kras drives PanIN formation and –in combination with loss or mutation of tumor 
suppressors such as p53 – progression to invasive adenocarcinoma. Inactivation of 
oncogenic Kras at the PanIN stage leads to regression of the lesions, through a 
mechanism that includes cells death as well as re-differentiation of PanIN cells to acini. 
Inactivation of oncogenic Kras in metastatic tumor leads to tumor regression; however, 
a subset of tumor cells survive Kras inactivation, possibly entering a dormancy status 
and setting the stage for tumor relapse. 



	   184	  

 



	   185	  

Figure 5.2 
Gli1 is required for stromal remodeling upon Kras* inactivation. (A) Schematic of 
the iKras*;Gli1lacZ/+ reporter mouse. (B) Experimental Design. (C) Hematoxylin/Eosin 
staining of iKras* and iKras*;Gli1lacZ/+ tissue with Kras* ON for 3 weeks and then 
inactivated for 3 days, 2 weeks, and 5 weeks. Scale bars 50um. Beta-galactosidase 
staining in iKras*;Gli1lacZ/+ tissues shows Gli1 expression in the stromal compartment. 
Scale bar 20um. (D) iKras* mice were put on doxy for 3 weeks before being withdrawn. 
Upon Kras* inactivation, mice were treated simultaneously either with Vehicle or the Hh 
inhibitor LDE-225 (a Smoothened antagonist) for 2 weeks. Inhibition of Hh signaling 
resulted in the failure of the stroma to remodel shown in the Hematoxylin/Eosin 
stainings. Scale bar 50um. The percentage of mice with a recovered stromal 
compartment is quantified in the graph on the right.  
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APPENDIX 
Table A1: Antibodies  

Antibody Supplier Catalog 
Number 

IHC 
dilution 

IF 
Dilution 

WB 
dilution 

Amylase Sigma-Aldrich A8273 - 1:100 - 
Beta-Catenin Cell Signaling 9587 1:100 - - 

Beta-
galactosidase 

(LacZ) 

Abcam Ab9361 - 1:200 - 

CK19 
(TromaIII) 

Iowa 
Developmental 

Hybridoma 
Bank 

- 1:100 1:100 - 

Claudin-18 Invitrogen 700178 1:150 - - 
Cleaved 

Caspase-3 
Cell Signaling 9661 1:100 - 1:1000 

Cox 2 Lab Vision RM9121S0 1:200 - - 
E-Cadherin Cell Signaling 4065 - - 1:1000 

EGFP Invitrogen A11122 1:100 - - 
EGFR Cell Signaling 4267 1:50 - - 

ERK1/2 
(p44/42) 

Cell Signaling 4695 - - 1:1000 

Gamma-
H2AX 

Millipore 05636 1:400 - - 

GAPDH Abcam Ab9485 - - 1:2500 
HER2/ErbB2 Cell Signaling 2165 1:400 - - 

Hes1 Ben Stanger 
(UPenn) 

- 1:1500 - - 

IL6 Abcam Ab6672 1:500 - - 
Ki67 Vector 

Laboratories 
VP-RM04 1:100 1:100 - 

Mist1 Stephen 
Konieczny 

(Purdue Univ) 

- 1:500 - - 

MMP7 R&D Systems AF2967 1:100 - - 
MUC1 Thermo 

Scientific 
HM1630-P 1:100 - - 

PCNA Lab Vision MS106-P1 - 1:200 - 
PCNA Thermo 

Scientific 
RB9055P1 - - 1:500 



	   190	  

P53 Abcam Ab26 1:200 - - 
P53 Cell Signaling 2524 - - 1:1000 
Pdx1 Chris Wright 

(Vanderbilt) 
- 1:5000 - - 

p-ERK1/2 
(phospho-
p44/42) 

Cell Signaling 4370 1:100 - 1:1000 

Shh R&D Systems AF445 1:100 - - 
Alpha-

Smooth 
Muscle Actin 

Sigma A2547 1:1000 1:1000 - 

Sox9 Millipore AB5535 1:500 - - 
p-STAT3 Cell Signaling 9145 1:100 - - 
Vimentin Cell Signaling 5741 1:100 - - 
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Table A2: RT-qPCR primer sequences 
Primer Name Sequence Reference 
Amylase-F CAGAGACATGGTGACAAGGTG (1) 
Amylase-R ATCGTTAAAGTCCCAAGCAGA (1) 
Elastase-F ACTATGTCCAGCTGGGTGTTC (1) 
Elastase-R CAGTAAGAGGAGCTGGAGCAG (1) 
E-cadherin-F CAGCCTTCTTTTCGGAAGACT  
E-cadherin-R GGTAGACAGCTCCCTATGACTG  
Gata6-F TTGCTCCGGTAACAGCAGTG  
Gata6-R GTGGTCGCTTGTGTAGAAGGA  
Gli1-F GCAGTGGGTAACATGAGTGTCT (2) 
Gli1-R AGGCACTAGAGTTGAGGAATTTGT (2) 
Gli2-F GTGCACAGCAGCCCCACACTCTC  
Gli2-R GGTAATAGTCTGAAGGGTTGGTGCCTGG  
Mist1-F TGGTGGCTAAAGCTACGTGT (3) 
Mist1-R CATAGCTCCAGGCTGGTTTT (3) 
Hes1-F AGAGAAGGCAGACATTCTGGA (3) 
Hes1-R GTCACCTCGTTCATGCACTC (3) 
Foxa1-F GAACAGCTACTACGCGGACA (4) 
Foxa1-R TGGTCATGTAGGTGTTCATGG (4) 
Foxa2-F CTGGGAGCCGTGAAGATGGA (4) 
Foxa2-R CCAGCGCCCACATAGGATGA (4) 
Pdx1-F CCCCAGTTTACAAGCTCGCT  
Pdx1-R CTCGGTTCCATTCGGGAAAGG  
Ptch1-F TTGTGGAAGCCACAGAAAACC (5) 
Ptch1-R TGTCTGGAGTCCGGATGGA (5) 
qShh-F CAAAGCTCACATCCACTGTTCTG (5) 
qShh-R GAAACAGCCGCCGGATTT (5) 
Sox9-F CTTCTGTGGGAGCGACAACTT (3) 
Sox9-R AGGGAGGGAAAACAGAGAACG (3) 
TRE-Kras-F CAAGGACAAGGTGTACAGTTATGTGACT (6) 
TRE-Kras-mp1-R GCCTGCGACGCGGCATCTGC (6) 
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