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ABSTRACT 

Pancreatic cancer is a devastating disease that lacks suitable early detection or 

treatment stategies to improve patient outcomes. The stages of progression towards 

human pancreatic cancer are recapitulated faithfully by directing the expression of 

oncogenic Kras to progenitor cells in the mouse pancreas.  We utilized this model to 

investigate 1) the use of microRNA as a circulating biomarker of disease, 2) the 

inhibition of a tyrosine kinase to prevent cancer progression, and 3) that pancreatic cancer 

produces a metabolite profile in the circulation that can identify individuals with the 

disease. 

Changes in miR expression patterns during progression of normal tissues to 

premalignancy (PanIN) and pancreatic adenocarcinoma (PDAC) in the p48-Cre/LSL-

KrasG12D mouse model mirrors the miR changes observed in human pancreatic cancer 

tissues. miR-148a and miR-375 expression were found decreased whereas miR-10, miR-

21, miR-100 and miR-155 were increased when comparing normal tissues, premalignant 

lesions and invasive carcinoma in the mouse model. miR-10, miR-21 and miR-155 were 

also found elevated in the serum of mice with pancreatic cancer relative to controls. 

Quantitation of microRNAs in plasma samples from patients with pancreatic cancer 

showed increased concentrations of miR-10, miR-21, miR-155 and miR-223 in contrast 

to patients with colon or liver cancers. 
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Anaplastic lymphoma kinase (ALK) is a tyrosine kinase receptor expressed in 

PanIN as well as PDAC.  We have developed an antagonistic mouse monoclonal IgG 

antibody to the ALK receptor (anti-ALK IgG).  We used a quantum dot labeled anti-ALK 

IgG for the fluorescent visualization of pancreatic cancer cell allografts in nude mice.  

Anti-ALK IgG treatment was most effective at preventing the progression of late PanIN 

to PDAC, with 8.3% of antibody treated mice harboring PDAC compared to 33.3% of 

saline treated control mice.  Metastasis was also prevented in mice treated with antibody.  

Anti-ALK IgG treatment increased apoptosis through inhibition of Stat3 activation.  

We performed a global survey of metabolites detectable in the circulation of 

KrasG12D transgenic mice and humans with pancreatic cancer.  Ultra Performance Liquid 

Chromatography (UPLC) coupled to time-of-flight mass spectrometry (TOFMS) detected 

metabolites in serum that with multivariate data analysis could separate individual mice 

and humans with and without pancreatic cancer.
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Chapter 1: Introduction 

 

Etiology of Pancreatic Cancer 
 
 Pancreatic cancer is a near universal killer with few treatment options.  In 2009 

there were an estimated 42,470 new cases of pancreatic cancer diagnosed in the United 

States.  The more sobering statistic is that in 2009 there were an estimated 35,240 deaths 

due to pancreatic cancer, underscoring the dismal prognosis of patients with this disease.  

African Americans have the highest age adjusted incidence rate of pancreatic cancer.  

The disease is also more prevalent in males than in females (1).  Increasing age is a major 

risk factor for pancreatic cancer as the incidence rate rises after age 50 (2).   

The incidence rates of pancreatic cancer differ among countries suggesting that 

environmental or lifestyle risk factors may be part of the etiology of the disease.  

Smoking increased the risk of pancreatic cancer in current smokers and former smokers 

compared to people who have never smoked (3-5).  Obesity has been associated with 

different characteristics of the disease.  Overweight individuals with a body mass index 

(BMI) between 25-29.9 or obese individuals with a BMI greater than 30 had the highest 

odds ratios of pancreatic cancer in a case control study.  These individuals also had an 

earlier onset of the disease (6).  Different diets have been associated with pancreatic 

cancer risk but the evidence is not overwhelming enough to link certain foods with great 

certainty.  Risk of pancreatic cancer was associated with higher intake of total fat, 

saturated fat, and monounsaturated fat but not polyunsaturated fat (7).  The increased 

intake of processed and red meat was associated with an increased risk of pancreatic 

cancer (8) but further studies have not found as robust a connection (9) as previously 
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described.  Many studies were aimed at identifying a link between alcohol consumption 

and pancreatic cancer risk.  Some studies found that there was a increase in the risk of 

pancreatic cancer associated with increased alcohol use (10-12).  However, other studies 

have shown the association of alcohol use and pancreatic cancer to be minimal (13, 14).  

A recent meta analysis reached the conclusion that alcohol consumption is a weak risk 

factor of pancreatic cancer (15).  Coffee consumption was also thought to increase the 

risk of pancreatic cancer but many studies have not found this to be a strong association 

(14, 16).   

  The greatest risk factor for the development of pancreatic cancer is chronic 

pancreatitis (17-20).  While the causal relationship between pancreatitis and pancreatic 

cancer is not well understood, the most likely hypothesis is that a constant inflammatory 

reaction in the pancreas leads to transformative events in pancreatic cells.  Pancreatic 

ductal cells were found to have increased interleukin 8 and nuclear factor kappa beta 

expression in patients with chronic pancreatitis and pancreatic cancer, both of which have 

strong stimulatory actions on target cells (21).  While alcohol alone is not a strong risk 

factor for pancreatic cancer, alcohol use is a risk factor for pancreatitis development (22).   

Diabetes and pancreatic cancer also have an interesting but unclear relationship.  

Often patients with pancreatic cancer will develop diabetes.  Patients with diabetes also 

have an increased risk of developing pancreatic cancer, but many confounding factors 

such as diabetes duration and management success prevent the clear association with risk 

of pancreatic cancer from being made (23-25).  One interesting study assigned an 

increasing score to the adherence to the healthy life-style choices of nonsmoking, limited 

alcohol use, consuming a Mediterranean dietary pattern, body mass index (> or =18 and 
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<25), or regular physical activity and found that a higher score was associated with a 

decreased risk of pancreatic cancer (26).  As will be discussed later in the chapter, there 

are no reliable mechanisms for the early detection of pancreatic cancer and the treatment 

strategies result in little survival benefit.  Therefore, eating a healthy diet with moderate 

consumption of alcohol and coffee, while avoiding smoking may be the best prevention 

regiment we have against this disease. 

 

Clinical Characteristics of Pancreatic Cancer 
 The signs and symptoms of pancreatic cancer that patients experience are 

insidious and result in delayed detection.  Patients complain of abdominal pain that may 

radiate to the back, experience weight loss, and jaundice is common if the pancreatic 

mass obstructs the bile duct.  Glucose intolerance, especially if the onset is sudden, can 

be a sign of pancreatic cancer.  Enlargement of the gall bladder to a size allowing it to be 

palpable, termed Courvoisier’s sign, is seen in less than 50% of patients.  Migratory 

thrombophlebitis and venous thrombosis that are called Trousseau’s syndrome is also a 

classical sign of pancreatic cancer.  When there is a clinical suspicion of disease 

ultrasonography and computed tomography are the preferred tests to confirm a diagnosis 

but early detection of pancreatic cancer is quite poor.  Endoscopic retrograde 

cholangiopancreatography with endoscopic ultrasonography are used to confirm findings 

of CT scans.  The majority of pancreatic cancers occur in the head of the organ and 

involve the exocrine and not endocrine portion (27).  Owing to this fact, the term 

pancreatic cancer in this thesis will refer to cancer of the exocrine compartment unless 

otherwise noted. 
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 Microscopic precursor lesions that precede pancreatic carcinoma have been 

extensively characterized and support a model that describes a progression of ductal cells 

through discrete histopathological grades.  Three types of precursor lesion have been 

characterized.  Intraductal papillary �icroRNA neoplasms (IPMN) arise from pancreatic 

ducts that feed the main pancreatic duct and usually form papillary structures with 

abundant mucin in cystic structures.  Mucinous cystic neoplasms form macroscopic cysts 

with mucin producing epithelial cells.  Pancreatic intraepithelial neoplasia (PanIN) is the 

term used to describe the microscopic changes in cellular and ductal architecture that 

occur in three discrete grades.  All PanIN lesions display an enlargement of the ductal 

lumen.  Ductal cells in PanIN 1 lesions have enlarged, columnar cytoplasmic spaces 

filled with mucin and form flat epithelial lesions.  PanIN 2 ductal lesions have columnar 

ductal cells with nuclear changes such as loss of polarity and the appearance of papillary 

structures with thin fibrovascular cores.  Some of the lesions may also be flat and 

epithelial-like.  PanIN 3 lesions contain cells with increased nuclear to cytoplasmic ratios 

and significant nuclear atypia that form into true papillary and bridging ductal structures 

with less connection to the basement membrane (28).  Ductal cells acquire genetic 

abnormalities as they progress through different PanIN lesions and will be discussed later 

in the chapter.  The microenvironment that surrounds the ductal lesions is also a 

significant focus of research in regards to its ability to promote or maintain pancreatic 

cancer.  Growth factors and signals from the intense inflammatory response can be 

significant stimuli for transformation (29). 
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Treatment of Pancreatic Cancer 
Treatment strategies for pancreatic cancer have evolved as newer studies and 

drugs have been introduced but unfortunately there is no treatment that is curative and 

palliative care is the most likely outcome.  Fluorouracil is a pyrimidine analogue that 

blocks thymidylate synthase and is used in the treatment of pancreatic cancer.  Its use was 

established to have a therapeutic advantage to observation alone many years ago (30) but 

without overwhelming improvement in results as time has passed.  Gemcitabine, a 

cytidine analog, has also been used as treatment for pancreatic cancer.  Gemcitabine 

increased average survival time by one month and one year survival was 12% compared 

to 2% for patients who received 5-FU alone (31) (32).  However the combination of 

gemcitabine and 5-FU did not drastically benefit patients (33).  Surgical options for the 

treatment of pancreatic cancer include partial or complete pancreatectomy or 

pancreaticoduodenectomy (Whipple procedure).  Unfortunately, the percentage of 

surgeries that are curative is low and most become a palliative procedure (34). 

The reality is that conventional chemotherapy and surgery have not increased the 

survival of pancreatic cancer and this has led to treatment designs that target different 

molecular aspects of the disease in hopes of achieving better outcomes.  Targeting active 

angiogenesis has become an effective treatment strategy in oncology as a whole.  This 

approach has had limited success for pancreatic cancer patients (35).  Bevacizumab, a 

monoclonal antibody that targets vascular endothelial growth factor (VEGF), combined 

with gemcitabine treatment lead to a 21% partial response rate along with 46% of patients 

with stable disease and this combination is being used for a future phase III trial (36).  A 

separate phase III trial treating patients with erlotinib (an inhibitor of epidermal growth 

factor receptor (EGFR)), gemcitabine, and either bevacizumab or control led to no 
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change in overall survival but an increase in progression free survival (37).  This result 

was in contrast to a phase III trial where patients were randomized to receive erlotinib 

and gemcitabine or gemcitabine and placebo.  Here, patients treated with erlotinib and 

gemcitabine had a modest but significant increase in overall survival and progression free 

survival (38).  The targeting of molecular drivers of pancreatic cancer has promise but 

there is still room for much improvement in patient outcomes. 

Cyclooxygenase 2 (Cox-2) is an enzyme that produces prostaglandins that can 

lead to inflammatory promotion of cellular transformation and its expression in 

pancreatic cancer has been correlated with a poorer prognosis (39).  Many studies have 

been performed attempting to inhibit Cox-2 in pancreatic cancer in preclinical studies.  

The Cox-2 inhibitor nimesulide delayed the progression of PanIN 2 and 3 ducts in treated 

mice and reduced prostaglandin levels (40).  Cox-2 overexpressing transgenic mice 

exhibited a high percentage of metaplastic and dysplastic pancreatic ducts which could be 

reversed by treatment with celecoxib, a Cox-2 inhibitor (41).  Celecoxib could inhibit the 

binding of transcription factor Sp1 to the promoter of VEGF leading to reduced 

pancreatic cell proliferation and tumor xenograft growth (42).  A phase II trial showed 

only a minimal advantage of the addition of celecoxib treatment to a gemcitabine 

regiment (43).  It is clear that newer treatments must be more effective at increasing 

positive clinical outcomes.  

 

Molecular Characteristics of Pancreatic Cancer 
 The study of the molecular biology of pancreatic cancer has given researchers and 

physicians a greater understanding of the origins of disease, revealed new treatment 
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targets, and has led to the creation of exciting models for future experimentation.  Once 

the PanIN lesions were described with a standard nomenclature (44) many experiments 

have been conducted to determine their role as precursors to the development of 

pancreatic cancer.  There are many molecular events occurring during these cellular and 

ductal changes and a few of them will be highlighted now.  KRAS mutations of specific 

codons were discovered to have a high prevalence in pancreatic cancer (45, 46) and this 

finding was also extended to the PanIN lesions (47).  Indeed nearly 90% of pancreatic 

cancers have KRAS mutations.  These activating mutations in the KRAS gene result in a 

constitutively active RAS-GTPase protein that leads to constant stimulation of 

intracellular proteins such as the mitogen activated protein kinase (MAPK) pathway 

resulting in cell proliferation or the phosphoinositol 3 kinase (PI3K) pathway that can 

activate AKT and promote cell survival (48).  Tumor suppressor genes are frequently 

altered in pancreatic cancer due to chromosomal alterations or mutations.  The tumor 

suppressor p16 is intimately linked to the regulation of the cell cycle by inhibitory 

interactions with checkpoint proteins cyclinD/CDK4.  Mutations of the CDKN2A/INK4A 

gene that encodes p16 are found in the majority of pancreatic cancers (49).  Mutations in 

the gene encoding p53 result in a loss of normal function for the protein allowing the cell 

to escape programmed cell death that should occur with genetic insults (50).  Deleted in 

Pancreatic Carcinoma 4 (DPC4, also called SMAD4) was found to be a tumor suppressor 

gene commonly deleted in pancreatic cancers (51, 52) and also as a late event in PanIN 

lesions (53).  The chromosomal material in pancreatic cancer (54) and PanIN lesions (55) 

is very unstable and loss of heterozygosity and telomere shortening are common events.  

Another molecular event that is getting a considerable amount of attention is the 
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expression of embryonic genes during the progression of pancreatic cancer.  Genes of the 

hedgehog family are frequently overexpressed in pancreatic cancers and PanIN lesions 

(56) and novel therapies to target these genes and their products may hold promise for 

improved outcomes (57).  Inhibition of the hedgehog pathway increased perfusion to 

solid tumors of a mouse model of pancreatic cancer that allowed for gemcitabine 

treatment to be more effective (58).  The continued discovery of molecular pathways and 

their relationship to pancreatic cancer will undoubtedly lead to more successful 

treatments in the future (59). 

 Recent evidence suggests that microRNAs (miRNA or miR) may be the new 

frontier in the molecular biology of pancreatic cancer.  miRs are small, non-coding RNAs 

that have been shown to have a significant role in controlling the activities of cellular 

pathways both in physiology and pathology.  The distinct function of miRs in different 

cancers has become more obvious over the past years (60, 61), and many studies show 

that miR signatures can be used to distinguish different cancers subtypes (62), prognoses 

(63, 64), or reveal potential target (65, 66) and signaling pathways (67). Most 

surprisingly, a comprehensive comparison of miR and mRNA profiles of primary and 

metastatic cancer lesions showed that miRs provided a more reliable and distinctive 

signature than mRNAs and that miR signatures were superior to mRNAs in identifying 

the organ source of metastases of unknown origin (68, 69). Beyond these analyses of 

normal and diseased tissues, very recent reports have shown that miR species can be 

detected in the circulation and suggested that analysis of serum samples for defined miR 

species could be used to identify patients with cancers (70, 71), might serve as 

biomarkers to monitor therapeutic efficacy (72) or indicate organ toxicity of drugs (73).  
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Biological Models of Pancreatic Cancer 
 The creation of excellent animal model systems based on the unique molecular 

biology of pancreatic cancer has helped advance the field tremendously.  A transgenic 

mouse was generated with a Kras mutation in codon 12 that substituted an aspartic acid 

residue for a glycine that resulted in a constitutively active Ras protein.  This mutation 

was governed by a floxed stop sequence upstream of the KrasG12D exon.  These mice 

were bred to mice with Cre-recombinase enzymes under the control of pancreas specific 

embryonic gene promoters such as p48 or Pdx1.  Cre-recombinase activated in the 

pancreas excised the stop sequence allowing the expression of the mutated KrasG12D 

allele and the endogenous generation of mutated KrasG12D protein.  The resultant progeny 

(KrasG12D mice) exhibited PanIN lesions and the development of pancreatic cancer with 

metastasis with remarkably similar histopathological and molecular characteristics to 

human pancreatic cancer (74).   

Since the initial creation of the KrasG12D mouse, many studies have built upon the 

success of the model by engineering other transgenic mice with pancreatic cancer related 

genetic abnormalities.  When mice with Ink4a/Arf tumor suppressor inactivation were 

bred with KrasG12D mice the latency to PanIN and cancer was shortened significantly (75)  

Mice with Trp53R172H mutations bred with KrasG12D mice resulted in a decreased latency 

to pancreatic cancer and metastasis with primary tumor cells exhibiting frequent 

chromosomal translocations (75, 76).  Interestingly, mice lacking Smad4/Dpc4 with 

KrasG12D mutations developed �icroRNA cystic neoplasms that progressed to pancreatic 

cancer showing that while PanIN precursor lesions are most typical in this transgenic 
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mouse model other pre-cancerous lesions may result in similar outcomes (77).  Mice bred 

with varying combinations of Ink4a/Arf (p16Ink4a/p19ARF) deletions and p53 mutations 

displayed a range of significantly shorter tumor latencies and metastasis rates, 

underscoring the important relationship these genetic alterations have to each other in the 

development of pancreatic cancer (78).  Correlative experiments with the KrasG12D 

transgenic mouse have helped to identify a possible cell of origin for pancreatic cancer 

that is most sensitive to Kras mutations.  When the KrasG12D mutation was genetically 

engineered to be under the control of only Nestin expressing cells, which are limited to 

the exocrine portion of the pancreas, instead of targeting the mutation to all pancreatic 

cells, the phenotype of PanIN lesions was reproduced (79).  Later studies would conclude 

that targeting KrasG12D mutations to mature acinar cells under the control of Elastase and 

Mist-1 promoters (80) could induce PanIN formation and that the expression of Notch, 

normally an inhibitor of differentiation during embryonic development of the pancreas, in 

mature acinar cells could induce PanIN formation (81). 

 

New Pathways in Pancreatic Cancer: Pleiotrophin 
 Growth factor stimulation of cell proliferation and the enhancement of cell 

survival are mechanisms that are well known to aid in the transformation of cancer cells.  

The growth factor pleiotrophin (PTN) has been implicated in different aspects of 

pancreatic cancer.  Serum from pancreatic cancer patients contained PTN that could be 

detected by enzyme linked immunosorbant assay (ELISA) along with an increase in PTN 

expression in tumor cells of pancreatic cancer tissue (82).  When PTN was depleted in the 

pancreatic cancer cell line COLO357 by ribozymes, there was a decrease in cell 
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proliferation, soft agar colony formation, and tumor xenograft growth.  These effects 

could be reversed with the addition of PTN, and the autocrine nature of the growth factor 

was displayed when anti-PTN antibodies could prevent cell proliferation (83).  Further 

study of PTN expression in human pancreatic cancer patients showed that PTN levels 

were increased in cancer tissue more than pancreatitis and normal tissue.  Serum PTN 

levels were examined in relation to surgical intervention and it was reported that high 

preoperative PTN levels correlated with a worse survival and that PTN levels decreased 

after tumor resection but not palliative surgery (84).  More recent studies have built upon 

the evidence of the role of PTN by showing high PTN expression in pancreatic cancer to 

be associated with increased perineural invasion and poorer postoperative survival (85). 

 While the role of PTN in pancreatic cancer may still be an area of intense 

research, its role as a growth factor important in angiogenesis, development, and other 

cancer types is supported by a substantial amount of experimental evidence.  PTN is an 

18 kDa secreted protein expressed in the developing brain (86).  It is in a family of 

heparin-binding proteins with only one other member, midkine (MK), with which is 

shares 50% homology.  The physiological roles of PTN and MK are many and include 

diverse functions such as cell proliferation, cell growth, and cell migration (87, 88).  PTN 

expression is elevated during neural development (89) and its role in neurite outgrowth 

during development led to increased activation of GSK3beta and upregulation of growth 

associated protein 43 (GAP-43) mRNA (90).  PTN also has a chemotactic and protective 

role in the nervous system as shown when a PTN source could induce rootlet formation 

and axonal outgrowth and that PTN expression could promote remyelination of motor 
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neurons and better restoration of function than control in a peripheral nerve damage 

experiment (91).  

Early evidence of PTN as a growth factor in cancer was born out of experiments 

in breast cancer.  PTN was isolated in the supernatants of MDA MB 231 breast cancer 

cells and the purified protein was shown to promote the soft agar colony formation of 

SW-13 cells (92).  Transfected PTN cDNA in SW-13 cells resulted in a similar cellular 

phenotype as exogenous addition of the protein and PTN expression was present in breast 

carcinoma tissues (93).  Further investigation revealed PTN in other cancer subtypes and 

that its mechanism of action included angiogenesis promotion.  Ribozyme mediated 

depletion of PTN expression was shown to decrease tumor growth, lung metastasis, and 

associated angiogenesis of 1205LU human melanoma cells injected into mice (94, 95).  

PTN could also transform NIH 3T3 cells leading to increased in vitro proliferation and 

tumor formation when the cells were injected into mice (96).  PTN has also been 

implicated in neoangiogenesis associated with tumor formation (97, 98).  These reports 

point strongly to the rate-limiting properties of PTN in tumor growth and angiogenesis.  

The increased expression of PTN in invasive breast tissue versus normal epithelium was 

predictive of a poorer prognosis (99).  Other reports highlight the pro-tumorigenic 

properties of PTN in breast tissue.  A dominant negative PTN construct introduced into 

MDA MB 231 cells was able to prevent proliferation and tumor formation in mice (100).  

In addition, PTN overexpressed in MCF-7 cells was sufficient to cause the cells to form 

tumors when injected into mice (101).  Therapeutic targeting of the tumor promoting 

functions of PTN in pancreatic cancer can be a valuable new approach to treatments and 

help our understanding of pancreatic pathophysiology.  
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New Pathways in Pancreatic Cancer: Anaplastic Lymphoma Kinase 
The receptors for PTN are multiple and include protein tyrosine phosphatase 

beta/zeta (102, 103) and syndecan-3 (104).  In 2001 a new receptor for PTN was 

discovered named anaplastic lymphoma kinase (ALK).  Immobilized PTN was set as bait 

and a phage display human cDNA library was panned against it.  A phage insert that 

specifically bound to PTN coded for the amino acid sequence of a portion of the ALK 

extracellular domain (ECD) (105).  PTN was found to bind the ALK receptor in a series 

of in vitro and cell based assays including leading to the downstream activation of 

phospholipase C and PI3K.  Cells transfected with ALK cDNA and stimulated with PTN 

grew more colonies in soft agar than untransfected cells.  ALK phosphorylation was also 

increased with PTN stimulation.  Reduction of ALK with ribozymes in glioblastoma cell 

lines resulted in a loss of PTN dependent stimulation of AKT.  Xenografted tumors of 

glioblastoma with ALK depleted had decreased growth rates with increased apoptosis 

(106).  The evidence that PTN and ALK worked together in a ligand-receptor axis to 

stimulate cell division and prevent apoptosis became stronger when polyclonal antibodies 

to ALK were able to decrease PTN dependent cell survival, prevent PTN mediated cell 

division, and decrease the number of PTN stimulated colonies formed by NIH3T3 cells in 

soft agar (107).  It was also determined that the anti-apoptotic action of PTN stimulation 

via ALK was through the MAPK kinase pathway and not PI3K, as inhibitors to the 

former prevented PTN mediated cell survival.  MK was found to also be able to bind 

ALK leading to increased MAPK and PI3K activation.  Monoclonal antibodies raised 
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against the extracellular binding domain of ALK could prevent MK binding and decrease 

the number of MK stimulated colonies formed in soft agar (108). 

Other hypotheses concerning activation of the ALK receptor have been studied as 

well.  PTN was not found to stimulate ALK in HEK293 or PC12 neuronal cells that 

expressed the receptor, while a panel of antibodies screened for activation were able to do 

so (109).  ALK expression induced apoptosis when expressed in Jurkat cells and 

activating antibodies prevented cell death.  This series of experiments proposed that ALK 

was a dependence receptor, meaning unbound ALK receptor resulted in apoptosis but 

ALK bound with ligand or activating antibodies inhibited apoptosis (110).  Furthermore, 

there is evidence that in some neuronal cell systems, different molecular weight forms of 

PTN could not stimulate ALK (111). 

Despite disagreement concerning the ligands of ALK, the role of ALK in cancer 

has been supported by many studies and its promise to be a target in oncology treatment 

is just starting to be realized.  ALK is a member of the insulin tyrosine kinase family and 

its closest homolog is a receptor named leukocyte tyrosine kinase, which lacks 60% of 

the N-terminal ECD of ALK.  ALK was first known as an orphan receptor tyrosine 

kinase that was identified as a fusion partner with nucleophosmin in t(2:5) translocations 

commonly found in the hematologic cancer anaplastic lymphoma (112-115).  Many other 

ALK translocations have been discovered and their functions include promotion of cell 

division and prevention of apoptosis in cancers of the immune system, lung, and nervous 

system (116).  Expression of the receptor without translocation is also being reported 

with increasing frequency as ALK expression was found to be high in cancer of 
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ectodermal origin (117), especially breast cancer (118), and in neuroblastoma where it 

was associated with a poor prognosis (119).  

ALK does have a role not related to cancer.  Physiologically Alk is expressed 

during Drosophilia somatic mesoderm development and is activated by a ligand called 

Jelly belly (Jeb) which results in activation of the Ras-Mapk pathway to help regulate gut 

musculature formation (120, 121).  However there is no Jeb homolog in mammals and 

the mammalian Alk receptor is not responsive to Jeb (122). In mammals ALK expression 

is seen in the nervous system (112, 113, 123) where it can induce neuronal differentiation 

(124).  Alk knockout mice have no overt phenotypes except for a possible increase in 

proliferation of basal hippocampal progenitor cells leading to phenotypes related to 

increased dopaminergic signaling (125). 
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Hypotheses and Aims 
Pancreatic cancer is a disease with few early detection strategies, a complex 

molecular biology, and treatments that result in little improvements in patient outcome.   

Sequences of miRs are frequently conserved across species.  The analysis of miRs 

in well-defined animal models could inform studies with human specimens. We are 

interested to what extent this could be translated into the detection and quantitation of 

miRs in the circulation because that would ultimately enable early detection of disease 

based on the analysis of a blood sample and potential understanding of the significance of 

activated or altered pathways derived from genomics and other analyses of diseased 

tissues (126).  We hypothesize that miR expressions in the KrasG12D mouse will help 

establish an expression pattern specific for precursor lesions and pancreatic cancer that 

can then be used to determine the condition of human patients that may have pancreatic 

cancer.  To test this hypothesis, our aims are as follows: 

Aim 1: measure miRs expressed in PanIN and pancreatic cancer tissue of  

KrasG12D mice 

Aim 2: determine if miRs highly expressed in tissues are also detectable in the  

circulation 

Aim 3: measure miRs in the circulation of human patients with pancreatic and  

other cancers 

Aim 4: determine the ability of miR expression patterns to identify individuals,  

mouse or human, that may be harboring pancreatic cancer 
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Targeting ALK in cancer has become a top priority (127) due to its prominent 

expression in an increasing number of cancer tissues and the evidence that activation of 

the receptor can promote cell division and survival.  Many studies show that PTN is 

expressed in pancreatic cancer and that its function is necessary for the development of 

the disease.  We hypothesize that ALK may also be present in pancreatic cancer and have 

a cancer promoting function.  Inhibition of ALK may prevent its cancer related functions 

and result in a therapeutic benefit.  To test this hypothesis, our aims are: 

Aim 1: measure the expression of Alk in precursor lesions and pancreatic cancer  

of KrasG12D mice 

Aim 2: characterize the inhibitory actions of an anti-ALK IgG monoclonal  

antibody in vitro and in vivo 

Aim 3: characterize the ability of anti-ALK IgG to function in the context of  

pancreatic cancer 

Aim 4: use anti-ALK IgG in prospective treatment studies of KrasG12D mice to  

determine the therapeutic potential of anti-ALK IgG 

Aim 5: determine the mechanism of action of anti-ALK IgG in pancreatic cancer. 

 

Discovery of new biological pathways that may lead to targeted therapies is a 

constant endeavor of researchers and clinicians studying pancreatic cancer.  The 

metabolism of cancer cells is often markedly different from that of normal cells.  These 

metabolic differences can be identified by the differences in concentration of chemical 

compounds that are the substrates and products of enzymatic reactions that may be 

altered in disease states.  We hypothesize that the metabolites detectable in the circulation 
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can help identify individuals with precursor lesions or pancreatic cancer.  To test this 

hypothesis, our aims are: 

Aim 1: measure the metabolites in the circulation of KrasG12D and age matched  

control mice as well as human patients with pancreatic �icroR 

Aim 2: determine if metabolite patterns can help to separate individuals, both  

mice and humans, with different underlying pancreatic pathophysiology 

Aim 3: identify specific metabolites that can be correlated to altered enzymatic  

function or regulation due to pancreatic pathophysiology
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Chapter 2: Materials and Methods 

 

Transgenic Mice. 
 The p48-Cre/LSL-KrasG12D mouse model has been described previously (74).  A mouse 

strain was genetically engineered with a knockin cassette containing the Kras gene with a 

mutation coding for an amino acid change of aspartic acid for glycine at codon 12 and 

downstream of a stop sequence flanked by loxP excision sequences. This mouse strain 

was mated to another strain with Cre-recombinase enzyme under the control of p48 

promoter that is specifically expressed in the developing pancreas.  Resulting progeny 

have endogenous expression of the mutated KrasG12D protein in pancreatic cells.   

Mouse tissue analysis for miRNA. 
In the control, late PanIN and adenocarcinoma groups, mice were sacrificed at 16 months 

of age.  Controls lacked either the KrasG12D or the p48-CRE allele. For the early PanIN 

group, mice at one month of age were treated with caerulin and sacrificed at four months 

of age following an established protocol (128).  Caerulin is a cholecystokinin analog that 

will induce pancreatic secretions and given at the indicated doses results in acute 

pancreatitis.  Acute pancreatitis in the KrasG12D mouse accelerates the progression of 

PanIN lesions.  Pancreata were bisected from tail to head with one half fixed in formalin 

and the other half frozen in liquid nitrogen.  A pathologist (Sungeon Kim, MD with 

assistance from Joseph LaConti) scored the highest PanIN grade per lobule of all lobules 

counted in a representative H&E stained slide of pancreatic tissue from each mouse (74). 

“Normal” includes any normal and reactive ductal change.  PanIN-1 and -2 were 

combined into a single category of “early” lesions while tissues with PanIN-3 were 



 20 

included in a separate category of “late” lesions due to the high likelihood of malignant 

progression. Animal study protocols were approved by the Georgetown University 

Animal Care and Use Committee. 

miR expression in mouse tissue. 
 Total RNA was extracted from tissues using the TRIZOL reagent (Invitrogen, Carlsbad, 

CA) as described by the manufacturer. miRs were further isolated from the total RNA 

using a miR isolation kit (SA Biosciences, Frederick, MD). The miR was converted to 

cDNA using polyA tailing followed by universal priming with miR First Strand Kit and 

quantitated using pre-designed miR specific qPCR (SA Biosciences, Frederick, MD) on 

an ABI 7900 HT Real-Time PCR system (Applied Biosystems, Foster City, CA). 

miR expression in human plasma and mouse serum. 
 Institutional Review Board permission and informed consent from patients were 

obtained prior to initiation of the analyses. Human blood samples were obtained from 

cancer and non-cancer cases with identifiers removed. Mouse blood was collected via 

cardiac puncture. 250 µL of serum or plasma were mixed with 2.5 mL of Qiazol lysis 

reagent and mixed by vortexing. The lysate was extracted with CHCl3 and the aqueous 

phase was further enriched for miR using the miRNeasy kit (Qiagen, Valencia, CA). The 

miR enriched fraction was eluted in RNAse free water. For the mouse samples, 

normalization was to miR-15, for human samples to U6. 

mRNA expression in mouse tissue and cultured cells. 
  Total RNA was extracted from equal masses of tissue minced in a Roche MagnaLyser 

while submerged in 750 µL of TRIZOL (Invitrogen, Carlsbad, CA).  Cultured cells were 

washed and mixed directly with TRIZOL.  The TRIZOL manufacturer’s protocol was 

then followed to elute total RNA.  Equal amounts of RNA were reverse transcribed into 
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cDNA using iScript cDNA synthesis kit (BioRad).  Quantitative RT-PCR with pre-

designed primers was run on a BioRad iCycler with the following protocol: 95°C for 10 

min, 40 cycles at 95°C for 45 sec, 60°C for 30 sec, 72°C for 30 sec following by melting 

curve analysis.  Quantitative RT-PCR data was normalized to mouse Gapdh. 

MiRNA purification and RT-PCR were performed by Narayan Shivapurkar, PhD and 

Anju Preet, PhD. 

Data analysis for �icroRNAs expression.  
The data processing methods were encoded in R (http://www.r-project.org). Hierarchical 

clustering was performed based on the mean centered and scaled miR expression levels.  

The clustering methods used are available as pvclust (129) and sbfit (130).  These 

methods allow for the calculation of significance between the hierarchical clusters.  The 

figure legends provide the approximately unbiased probability (au) metrics along with P-

values determining the significance of the cluster separation. A random forest 

classification algorithm (131) was applied to the data sets in an unsupervised mode, with 

the number of trees set at 2000 and three variables. Prism 5.0 Graphpad-Software was 

used for other tests and display of the data.  Coding in R was performed by Mrs. Anne 

Deslattes Mays. 

In silico miR target gene search.  
Four microarry studies from the Oncomine data base (http://www.oncomine.org/) were 

chosen because they represented a comparison of mRNA changes in normal or control 

tissues versus pancreatic ductal adenocarcinoma (132, 133). Initially, a list of all genes 

that were found downregulated in cancer tissues was generated assuming that a miR that 

targets a given gene could be reducing its steady state expression levels.  Over 2500 

genes were reported as downregulated amongst the four studies chosen.  This list was 



 22 

shortened to 154 genes by applying the filter ‘Cancer Gene Census – all causal cancer 

genes’. If a gene was downregulated significantly (p < 0.05) in one of the studies, it was 

searched for possible predicted target miRs using three databases: 

http://microrna.sanger.ac.uk/cgi-bin/targets/v5/search.pl, http://pictar.mdc-berlin.de/cgi-

bin/PicTar_vertebrate.cgi, http://www.targetscan.org/  The list we report represents a 

possible target for the miR based on target stringency determined by each database, with 

the Sanger data base receiving the highest priority. 

Culture of anti-ALK IgG hybridoma.   
Hybridoma cells that secrete anti-ALK IgG were previously created in our laboratory.  

Briefly, we immunized mice with a portion of the ALK ECD that binds PTN, herein 

called the ligand binding domain (LBD), along with 50 amino acids in the N and C 

terminal direction, respectively, along with a glutathione-s-transferase tag.  Mice 

myeloma cells were screened for an antagonistic monoclonal antibody in an ELISA assay 

against the entire ECD of ALK.  We were able to identify four different clones which 

produced antagonistic antibodies to the ALK receptor.  These clones were made into 

immortal, antibody producing hybridomas (105, 107, 108).  Hybridomas were cultured in 

RPMI  supplemented with 10% fetal calf serum, 10% NuSerum IV growth media 

supplement (BD Biosciences), and 10% Hyclone serum supplement (Thermo Scientific).  

BD Biosciences Celline1000 flasks were seeded with 30 million cells to produce large 

amounts and high concentrations of anti-ALK IgG. 

Purification of anti-ALK IgG. 
  Antibody rich supernatants from hybridoma cell culture were purified over a Protein G 

column (GE Biosciences) using fast protein liquid chromatography (FPLC) (Pharmacia).  

Phosphate buffered saline was used as binding and wash buffer and 0.1 M glycine at pH 
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3 was used as elution buffer.  Eluted fractions of anti-ALK IgG were pH buffered with  

Tris-Glycine pH 7.4 (Sigma). 

Enzyme linked Immunosorbent Assay (ELISA). 
  In order to ensure the use of highly active anti-ALK IgG antibody in our stuides, 

purified aliquots were routinely tested for binding affinity to the LBD of the ALK 

receptor.  High protein binding 96-well ELISA plates were bound with five micrograms 

of LBD-GST or GST alone at 4°C.  The next day, unbound antigen was washed away 

with three phosphaste buffered saline washes.  The plates were blocked with 5% milk in 

phosphaste buffered saline with 0.5% Tween-20 (TBST) for 1 h at room temperature on a 

shaker.  Plates were washed and anti-ALK IgG or control diluted in TBST at 1:10 were 

incubated for 1 h at room temperature on a shaker.  Plates were washed three times with 

TBST and incubated with horse radish peroxidse conjugated rabbit anti-mouse secondary 

antibody for 1 h at room temperature on a shaker.  Plates were washed three times with 

TBST and signal was developed with TMB-Turbo ELISA substrate solution (Pierce) for 

1 – 5 min.  Reactions were stopped with the addition of 0.1 M H2SO4 and absorbance was 

measured with Wallac Victor 3 plate reader and software. 

Matrigel plug assays. 
  Wildtype 129/SvJ mice were pre-injected with anti-ALK IgG (10 mg / kg) or saline 

control on Day 1 and 2 of the experiment, which were 24 and 48 hrs before implantation 

of matrigel plugs.  N= ten mice for each group.  On Day 3, 0.5 mL of matrigel with 0.1 

ng/mL of fibroblast growth factor 2 (FGF2) (Invitrogen) was injected subcutaneously 

into the abdomen.  One group of control matrigel plugs had no FGF2 added.  Mice 

receiving anti-ALK IgG or saline control received doses for three more days (Day 4-6).  

Mice were then sacrificed and matrigel plugs were removed, fixed in formalin, and 
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sectioned and H&E stained.  Angiogenesis was assayed by counting the number of 

endothelial cell nuclei that invaded the matrigel matrix.  Ten random fields at 40X 

magnification were photographed using an Olympus BX40 microscope and Scion 

Visicapture software.  The number of endothelial cell nuclei was counted in each of the 

ten fields and an average number of nuclei per plug was calculated.  The mean values for 

mice in each group were compared with a two tailed Student’s T test. 

Alk in situ hybridization.  
 A 477 base pair section (1254-1730) of the mouse Alk coding sequence was subcloned 

into pGEM-T Easy plasmid vector.  To obtain Alk RNA probes, the plasmid was 

linearized with endonclease overnight at 37°C using Sal I for antisense orientation or Sph 

I for sense orientation of the probe.  The next day the linearized probe was transcribed 

using T7 (antisense) or Sp6 (sense) specific primers and buffer and enzyme with DIG 

RNA labeling kit (Roche) at 37°C for 3 h.  DNA was digested by incubation of the 

reaction mixture with DNAse at 37°C for 30 min.  Clean-up and purification of the RNA 

probes were performed with S 200 HR Spin Columns (GE Healthcare).  

 Slides were  de-paraffinized by overnight incubation in an oven at 60°C.  The slides 

were washed in xylene followed by sequential washing in 100%, 90%, and 70% ethanol 

in DEPC treated water for 5 min each.  Slides were treated with Proteinase K for 10 min 

at 37°C followed by washing in DEPC water.  Slides were washed in 0.2 M HCl for 15 

min for de-proteination.  For hybridization, slides were incubated overnight at 50°C in 

hybridization solution of DEPC – 0.3M trisodium citrate and 3 M sodium chloride (SSC) 

with linearized RNA probe.  The following day slides were washed in DEPC-SSC.  

Unbound RNA was digested with RNAse for 10 min at 37°C.  Slides were fixed with 

formamide-SSC-water solution for 10 min at 50°C.  For antibody binding to DIG labels, 
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slides were blocked in water buffered with 100 mM Tris-HCl pH 7.5 and 150 mM NaCl 

with 2% horse serum for 30 min.  Slides were incubated in anti-DIG antibody conjugated 

to alkaline phosphatase diluted 1:250 in 100 mM Tris-HCl pH 7.5 and 150 mM NaCl 

buffered water with horse serum overnight at 4°C.  The next day the slides were washed 

in a series of buffered waters followed by staining with 5-bromo-4-chloro-3-indolyl 

phosphate (BCIP) and nitroblue tetrazolium salt (NBT) substrate.  After sufficient 

development of the substrate, slides were washed with TBST and water followed.  A 

glass coverslip was mounted on the slide with Drop ClearMount Solution (Zymed).  In 

situ hybridization was performed with the assistance of Sung Eun Kim, MD. 

Cell culture. 
  ‘Kras Tumor cells’ were the generous gift of the laboratory of Anirban Maitra, MSSB, 

of Johns Hopkins School of Medicine.  They were derived from a pancreatic tumor of a 

KrasG12D mouse.  COLO357 and MDA MB 231 cells were obtained from American Type 

Culture Collection (Manassas, VA).  Kras tumor cells and MDA MB 231 cells were 

grown in DMEM with 10% fetal bovine serum.  COLO357 cells were grown in RPMI 

with 10% fetal bovine serum. 

Allograft of Kras tumor cells and xenografts of MD MBA 231 cells. 
  Two groups of eight athymic nude mice were implanted on the right and left flank with 

one million Kras tumor cells.  One group was treated with intra- peritoneal injections of 

anti-ALK IgG at 15 mg / kg and the other group with saline control.  The treatment 

duration was three times per day for 20 days.  Sizes of tumors were measured in three 

dimensions with a caliper.  N = 16 tumors measured for each group and the sizes reported 

are the average size with standard error of mean.  The mean sizes of all tumors per 

treatment group were compared on each day recorded with a two-tailed Student’s T test.  
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The day at which the tumor sizes reached an unacceptable tumor burden of 1000 mm3 

was recorded and the latency to reach this threshold was compared between mice treated 

with anti-ALK IgG and saline control.  The time until unacceptable tumor burden was 

reached was compared with a Kaplan-Meier Log Rank test. 

Two groups of athymic nude mice were implanted on the right and left flank with 

one million MD MDA 231 cells.  Nine mice were treated with intra-peritoneal injections 

of anti-ALK IgG at 10 mg / kg and eight mice were treated with saline control.  The 

treatment duration was 30 days.  Sizes of tumors were measured in three dimensions with 

a caliper.  Necrosis over the tumor mass was recorded as present or not every third day.  

N= 18 tumors for anti-ALK IgG treated group and n = 16 for saline control treated group.  

The average size of tumors for each group and the standard error of the mean was 

recorded, and the time of the presence or absence of necrosis in the tumor was compared 

with a Kaplan-Meier Log Rank analysis. 

Visualization of anti-ALK IgG with fluorescent Qdots. 
  Aliquots of anti-ALK IgG were conjugated to quantum dots using a Qdot 655 antibody 

conjugation kit as described in the manufacturer’s protocol (Invitrogen).  Antibody 

aliquots at 1 mg / mL in PBS were reduced with DTT and desalted using filtration 

columns.  Qdot nanocrystals were activated in SMCC solution.  Reduced antibody and 

activated Qdots were mixed together allowing Qdots to conjugate to the antibody.  The 

products were separated from unconjugated antibody in a size filtration column.  For 

control antibody, anti-maltose binding protein (anti-MBP) IgG was conjugated to 

quantum dots using a Qdot 605 antibody conjugation kit (Invitrogen). 

Anti-ALK IgG Qdot 655 was injected IV via tail vein into nude mice with Kras 
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tumor cell or MDA MB 231 tumors.  Mice were photographed for fluorescent signal 

using a Maestro Multi-Spectral Imaging Device and Software (CRI, Cambridge, MA).  

Fluorescent signal originating from the injected antibodies were separated from 

background fluorescent signals by ‘unmixing’ images based on a library of possible 

fluorescent signal spectra.  To quantitate fluorescent signals, areas of interest in each 

image were circumscribed and the total signal counts normalized for exposure time and 

area were recorded.  N= 20 tumors for mice treated with anti-ALK IgG Qdot 655 and n= 

10 for mice treated with anti-MBP Qdot 605 in the Kras tumor cell study. N= 4 tumors 

for mice treated with anti-ALK IgG Qdot 655 in the MD MBA 231 study.  The mean 

total fluorescent signal and standard error of the mean from all tumors in each group were 

recorded. 

Prospective treatment studies of KrasG12D mice with anti-ALK IgG. 
p48-Cre/LSL-KrasG12D mice develop PanIN lesions beginning at four months and will 

evetually develop pancreatic carcinoma by twelve months.  We crossed KrasG12D mice 

with p48-Cre mice to establish a cohort of animals large enough to detect a change in 

pancreatic cancer progession after anti-ALK IgG administration at different time points.  

The concentration of anti-ALK IgG was 10 mg / kg achieved by injections three times 

per week for six weeks.  All injections were intra-peritoneal.  Control mice were treated 

with saline solution. The treatment scheme was repeated for each time point: four 

months, four months plus caerulin injection, and 16 months old.  Three days after the last 

dose was given the mice were sacrificed.  For the caerulin injected group, previous 

reports have shown that the induction of pancreatitis by injection of a gastrin homologue 

would increase the accleration of pancreatic cancer progression and result in more servere 

PanIN lesions appearing earlier than the age of the mouse would predict (128).  A group 
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of mice at one month of age were treated with caerulin and sacrificed at four months of 

age. 

 At sacrifice, mice were dissected and examined for areas of gross metastasis.  

Pancreas, spleen, and liver were then removed and bisected, one side fixed in formalin 

for histopathology and another side snap frozen in liquid nitrogen for nucleic acid and 

protein analysis.  A pathologist scored the highest PanIN grade per lobule of all lobules 

counted in a representative H&E stained slide of pancreatic tissue from each mouse (74).  

The appearance of lobules with PanIN 2, PanIN 3, or PDAC were noted as the endpoints 

for the four month, four month plus caerulin, and 16 month time points of the three 

prospective treatment studies, respectively. 

Detection of apoptosis with Terminal deoxynucleotidyl transferase (TdT)-mediated 
dUTP nick end labeling (TUNEL). 
Formalin fixed, paraffin embedded histological sections were deparaffinized and 

subjected to TUNEL labeling for apoptotic cells using a TdT In Situ Apoptosis Detection 

Kit – DAB Assay Kit (R&D Systems).  After deparaffinization, sections were washed in 

PBS, followed by immersion in Proteinase K and quenching with 3% H2O2.  Sections 

were washed in PBS and immersed in TdT Labeling buffer.  Sections were then 

incubated in Labeling Reaction Mixture consisting of TdT nucleotide mix, terminal 

deoxnucleotidyl transferase enzyme, cation solution, and TdT Labeling buffer for 1 h at 

37°C in a humidified chamber.  Sections were immersed in Stop Solution and washed 

with water followed by incubation with streptavidin-horse radish peroxidase enzyme for 

10 min at room temperature.  Sections were washed in PBS and immersed in 3,3´-

diaminodbenzidine (DAB) substrate for 3-7 min.  Sections were washed with PBS and 

counterstained with 1% Methyl Green followed by dehydration and mounting with a 
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glass coverslip and Drop ClearMount Solution (Zymed)).  For quantitation of apoptotic 

nuclei in sections of PanIN lesions, five random fields at 40X magnification were 

photographed and the TUNEL positive nuclei present in ductal cells were recorded as an 

average of 100 total ductal cells counted.  For quantitation of apoptotic nuclei in sections 

of Kras tumor cell allografts, five random fields at 40X magnification were photographed 

and the TUNEL positive nuclei present were recorded as an average of 100 total cells 

counted.  All microscopy and photography was performed using an Olympus BX40 

microscope and Scion Visicapture software. 

Immunohistochemistry. 
  Formalin fixed tissue specimens were sectioned and paraffin embedded.  Sections were 

deparaffinized by overnight incubation at 60°C.  Slides were submersed in xylene 

followed by 100%, 95%, and 70% ethanol.  Antigen retrieval was performed by 

submerging sections in boiling citrate buffer, pH 6.  Sections were washed with PBS 

followed by quenching of endogenous peroxidase with 3% H2O2.  Sections were washed 

and incubated in primary Ki67- Proliferation Marker (ab15580) (Abcam), Phospho-Stat3 

(Tyr705) (D3A7) XP™ Rabbit mAb #9145 (Cell Signalling), Phospho-p44/42 MAPK 

(Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP™ Rabbit mAb #4370 (Cell Signaling), 

Phospho-Akt (Ser473) (D9E) XP™ Rabbit mAb #4060 (Cell Signaling), or PDK1 

(phospho S241) antibody (ab32800) (Abcam) at dilutions recommended by the 

manufacturer for 1 h at room temperature in a humidified chamber.  Sections were 

washed and incubated in rabbit conjugated –HRP (Dako) diluted 1:1000 for 30 min at 

room temperature.  DAB substrate (Dako) was added to the sections and the reaction 

allowed to develop for 2-7 min.  The reaction was terminated by quenching with water.  

Sections were counterstained with hematoxylin, dehydrated with 70%, 95%, and 100% 
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ethanol washes and xylene submersion, followed by mounting with a glass coverslip with 

Drop ClearMount Solution (Zymed)).  For quantitation of Ki-67 staining, five random 

images were photographed at 40X magnification and Ki-67 positive PanIN ductal cells 

were recorded as an average of 100 ductal cells counted.  All microscopy and imaging 

was performed using an Olympus BX40 microscope and Scion Visicapture software. 

Ras Activation Assay. 
  Total protein was extracted from pancreatic tissue of KrasG12D mice by homogenization 

in lysis buffer using a Roche MagnaLyser.  Protein content was quantified by Bradford 

assay (BioRad).  Equal amounts of protein lysate were incubated with Raf-RBD binding 

beads to precipitate activated Ras-GTP for 1 h at 4°C with rotation.  Beads were washed 

three times with lysis buffer and the supernatants were decanted.  The beads were heated 

at 95°C for 5 min in equal volumes of Tris-Gly-SDS with B mercaptoethanol followed by 

centrifugation.  The supernatants were run on 4-20% Tris-Glycine gels (BioRad) 

followed by transfer to a PVDF membrane using iBlot transfer apparatus.  The membrane 

was washed in TBST, blocked in 5% milk in TBST, and incubated overnight with anti-

Ras primary antibody diluted 1:200 in TBST with 3% BSA.  The membrane was washed 

three times with TBST, followed by incubation with secondary antibody conjugated to 

HRP (GE Healthcare) diluted 1:10,000 in 5% milk in TBST for 1 h at room temperature 

with shaking.  After washing, the signal was developed using Millipore Immobilon 

Chemiluminescent HRP substrate for 5 min followed by signal development using 

Amersham Hyperfilm ECL (GE Healthcare).  Immunoblots were stripped with Restore 

Western Blot Stripping buffer (Pierce) and re-probed with anti- beta actin antibody 

(Millipore) for loading control. 
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Protein signaling in cell culture. 
  Ten thousand Kras tumor cells and COLO357 cells were plated in 6-well plastic culture 

dishes and allowed to attach overnight.  Cells were then treated with anti-ALK IgG (1 µg/ 

µL) or antibody vehicle control for 24 and 48 h.  For phospho-Stat3 activation, ten 

thousand Kras tumor cells were plated in 6-well plastic culture dishes and allowed to 

attach overnight.  Serum supplemented media was removed and replaced with DMEM 

with anti-ALK IgG (1 µg/ µL) or vehicle control for 1, 8, or 24 h.  The cells were washed 

with cold PBS and collected by gentle scraping.  Cells were pelleted by high speed 

centrifugation followed by washing with cold PBS.  Cells were lysed with lysis buffer 

and cellular debris was pelleted by high speed centrifugation.  Supernatants were 

collected and protein content was measured by Bradford assay.  Cell lysates were 

subjected to Ras activation assay as described above.  For Western blot detection of 

intracellular protein signaling, equal amounts of protein were mixed with Tris-Gly-SDS 

with B mercaptoethanol followed by heating at 95°C for 5 minutes.  Lysates were 

resolved on Tris-Glycine SDS 4-20% gels and transferred to PVDF membranes using 

iBlot Transfer apparatus (Biorad).  Membranes were washed three times with TBST, 

followed by blocking with 5% milk in TBST for 1 h at room temperature.  Membranes 

were washed three times with TBST followed by incubation in primary Phospho-Stat3 

(Tyr705) (D3A7) XP™ Rabbit mAb #9145 (Cell Signalling), Stat3 Antibody #9132 (Cell 

Signalling), Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP™ 

Rabbit mAb #4370 (Cell Signaling), p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb 

#4695, Phospho-MEK1/2 (Ser217/221) Antibody #9121 (Cell Signalling), or MEK1/2 

(47E6) Rabbit mAb #9126 (Cell Signalling) overnight at 4 °C with shaking.  Membranes 

were washed three times with TBST followed by incubation with secondary antibody 
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conjugated to HRP diluted 1:10,000 in 5% milk in TBST for 1 h at room temperature 

with shaking.  After washing, the signal was developed using Millipore Immobilon 

Chemiluminescent HRP substrate for 5 min followed by signal development using 

Amersham Hyperfilm ECL.  Immunoblots were stripped with Restore Western Blot 

Stripping buffer (Pierce) and re-probed with anti-beta actin antibody for loading control. 

Cell proliferation assay. 
  COLO357 cells were seeded in black bottom 96 well plastic culture dishes at 1000 cells 

per well and allowed to attach overnight.  Cells were treated with anti-ALK IgG at 10 µg 

/ mL and 100 µg / mL, vehicle control comprising 10% and 50% of total culture volume, 

or no treatment for 6, 24, and 48 h.  At each time point, cells were incubated with 

CellTiter-Glo chemiluminescent assay reagent (Promega) for 5 mins maximum and the 

chemiluminescent signal was measured by a Wallac Victor 3 plate reader and software. 

Metabolite profiling of mouse and human blood. 
  Blood obtained from terminal cardiac puncture was collected from KrasG12D mice and 

age matched wildtype control mice at 3-5 months of age and 13-16 months of age.  Blood 

samples were centrifuged at high speed for two min.  Five microliters of serum for each 

mouse was added to 200 µL of acetonitrile to precipitate proteins.  Samples were 

centrifuged at high speed for 15 min and the supernatants processed by Ultra 

Performance Liquid Chromatography (UPLC) coupled to time-of-flight mass 

spectrometry (TOFMS) in the positive and negative mode.  The metabolite peaks 

detected were used in multivariate data analysis conducted with SIMCA-P+ and Random 

Forest.  For identity confirmation of metabolite peaks, a pure sample of the metabolites 

was processed by UPLC-TOFMS in discrete concentrations to generate a standard curve 

to which the original metabolite peak could be compared.  Human plasma samples were 
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obtained with Institutional Review Board approval from willing patients with the 

indicated disease pathologies.  Five microliters of plasma for each patient was added to 

200 µL of acetonitrile to precipitate proteins.  The samples were centrifuged at high 

speed for 15 min and the supernatants were subjected to UPLC-MSTOF and metabolites 

were analyzed similarly as described for the mouse samples.  The preparation of serum 

and plasma samples for UPLC-MSTOF was done with the assistance of Evagelia C. 

Laiakis, Ph.D. and the UPLC-MSTOF was performed by the Proteomics & 

Metabolomics Shared Resource of Lombardi Comprehensive Cancer Center. 

MDA MB 231 attachment assay. 
  Ten thousand cells were seeded in 6 well plastic culture dishes with the addition of 

purified anti-ALK IgG, unpurified anti-ALK IgG, mouse IgG (I8765, Sigma), mouse IgG 

Kappa (Sigma), or no treatment and the cells allowed to attach overnight.  The 

experiment was repeated with different treatment dilutions of 1:1000, 1:500, 1:200, 

1:100, and 1:10.  The number of attached cells in a high powered field were counted and 

recorded as a percentage of total cells counted. 
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Chapter 3: Distinct microRNAs found in the KrasG12D animal model detectable in 

the circulation of patients with pancreatic cancer. 

 

Results 
Selection of miRs for detection by quantitative PCR. 
 A panel of miRs that have been reported as up- or down-regulated in different studies 

comparing human pancreatic cancer and normal tissues was selected from a literature and 

data base search (Table 1).  
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miR Mouse Human Reference a 

155 4.06* 14.0, 2.1, 11.6b (134), (135) , 

(136) 

10 3.99* 2.67 (135) 

21 3.51* 3.08, 12.1b (135), (136) 

100 2.85* 36.9, 2.49, 3.8b (134), (135), 

(136) 

16 2.56 14.3, 4.8b (134), (136) 

301a 1.96 34.2 (134) 

199 1.81 2.46 (135) 

34a 1.71 NR  

34c 0.75 NR  

29b 0.22 NR  

141 -0.88 -1.5 (137) 

22 -1.40 NR  

148b -1.81 0.31, -2.29 (135), (137) 

210c -2.18 2.97c, 2.82c (135), (137) 

212 -2.70 22.2 (134) 

148a -2.81* 0.18, -3.3 (135), (137) 

375 -11.57*** 0.46, -2.51 (135), (137), d 

a review in (138); b compared to IPMN; c miR-210 not miR-210c; d a qualitative decrease 

of miR-375 is reported in Ref. (134); NR, no report of this miR in human samples; * p < 

0.05 *** p < 0.001 vs. control 

 

 
Table 1. miR levels in mouse 
and human pancreatic 
adenocarcinoma relative to 
normal tissues. 
 Tissues from the p48-
Cre/LSL-KrasG12D mouse 
model (ranked from the 
highest to lowest levels) are 
shown in parallel with 
published data from clinical 
samples. The antilog2 of the 
measurements is provided 
with 0 indicating no change 
and values below -0.5 or 
above +0.5 considered as 
biologically relevant changes 
relative to controls. 
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For this miR panel we established quantitative RT-PCR detection (139) because we 

expected a wide range of concentrations of a given miR when comparing tissue extracts 

versus blood samples or across human and murine samples.  

 

miR expression in pancreatic tissues during KrasG12D-induced malignant 
progression. 
 Mouse pancreatic tissue samples were harvested at different times from the p48-

Cre/LSL-KrasG12D mouse model of pancreatic cancer. Pancreata in these animals progress 

through early and late dysplastic lesions (in situ carcinoma or PanIN) over the period of 

several months to invasive pancreatic cancer and thus mimic malignant progression of the 

human disease (16, 17). Each tissue sample harvested was staged by a histologic analysis 

of pancreatic ductal changes (Fig. 1A).  Control tissues contained 100% normal ducts 

(Fig. 1B).  Pancreata from younger mice (Fig. 1C) contained more than 50% of ducts 

with early stage dysplastic lesions (PanIN-1 or -2).  Pancreata from older mice (Fig. 1D) 

contained ~10% of ducts with late stage dysplastic lesions (PanIN-3) in addition to ~50% 

of ducts with PanIN-1 or -2.  ‘PDAC’ tissues (Fig. 1E) contained mostly invasive 

adenocarcinoma.  
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Figure 1.  Malignant 
progression of pancreatic duct 
epithelia in the p48-Cre/KrasG12D 
animals used for �icroRNAs 
analysis.  
(A) Quantitation of 
histopathologic alterations in the 
pancreata of controls or p48-
Cre/KrasG12D mice. The samples 
were separated into controls, early 
stage dysplastic lesions (PanIN-1 
and -2), late stage dysplastic 
lesions (PanIN-3 present) and 
invasive pancreatic duct 
adenocarcinoma (PDAC). (B to E)  
Representative histopathology 
images from each of the groups: 
(B) normal pancreas, (C) PanIN-1 
and -2 (early), (D) PanIN-3 (late) 
and (E) PDAC. Mean + standard 
error of the % of the pancreatic 
tissue with the respective lesions 
is shown  (n = 3 animals for each 
group). 0, not detected.  Bar = 0.1 
mm.   

 
 
 
 
 

An unsupervised clustering of the mouse tissues based on their miR expression levels 

identified three distinct groups (Fig. 2A).  The control tissues separated from all other 

tissues in a grouping of their own (blue box). Five of six tissues classified as in situ 

lesions (PanIN) were clustered together in a second group. Invasive adenocarcinoma and 

one of the late PanIN tissues segregated into a distinct cluster (yellow box).  
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Clustering of the individual miRs was performed to determine which miRs 

behave in parallel (Fig. 2B). The 17 miRs separated into two major groups. One group 

(yellow box) contained those miRs that showed the highest expression in the 

adenocarcinoma tissues and the lowest in the control tissues. A separate group (blue box) 

showed a reciprocal miR expression pattern, with the highest levels in control tissues and 

the lowest levels in adenocarcinoma. These groupings were all highly significant, 

suggesting that a subset of miRs would be able to define a classification of a tissue 

corroborating earlier work from others with human cancer samples (68, 69). 

Analysis of the expression of individual miRs showed three major trends (Fig. 

2C-E): First, expression of miR-10, miR-16, miR-21, miR-100 and miR-155 increased in 

the early PanIN lesions relative to control, and maintained high expression in the late 

PanIN and adenocarcinoma tissues.  Second, miR-22, miR-148a, miR-148b, miR-212, 

and miR-375 were highly expressed in control tissues and their expression was reduced 

in PanIN as well as in adenocarcinoma tissues. Third, expression of miR-29b, miR-34a, 

miR-34c, miR-141, miR-199, miR-210c and miR-301a did not change significantly 

during malignant progression. 
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Figure 2. miR expression in mouse pancreatic tissues during malignant progression.  
(A) Hierarchical clustering of mouse tissues based on miR expression. Distinct groups are 
indicated by the blue and the yellow box. (B) Hierarchical clustering of miRs based on 
their expression levels. miRs that were expressed at high levels in control (blue box) 
versus PDAC tissues (yellow box). #: au > 0.85 and p = 0.06, ##: au > 0.85 and p < 0.05, 
###: au > 0.90 and p < 0.01.  (au, approximately unbiased probability). (C) Expression 
levels of individual miRs in control and pancreatic tissues at different stages of malignant 
transformation. The miRs levels were grouped as increasing (left), steady (middle), or 
decreasing (right) based on a comparison of the levels in each group (n = three mice per 
group).  Mean + standard error is shown for each miR expression.  * p < 0.05, ** p < 
0.01, *** p < 0.001; control vs. early PanIN, late PanIN, or PDAC.  
 

 A comparison of the data from the KrasG12D mouse model in Fig. 2 with human 

pancreatic cancer specimen shows the same qualitative changes for ten of the twelve 
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miRs analyzed (Table 1). Only miR-210c and miR-212 increased in human cancer 

samples and not in the mouse model. This close coincidence of miR changes in diseased 

pancreatic tissues across species and different studies suggests that pancreatic 

adenocarcinoma is disease represented very well by the animal model used here.  

 

miRs in human plasma can distinguish cancer from non-cancer samples. 
 Much of the current knowledge about the expression patterns of miRs in pancreatic 

cancer was elucidated from studies with whole tissue extracts (134, 135, 137, 140) or 

from specimen microdissected for cancer and normal adjacent tissues (136, 141).  

Recently, reports have shown that miRs could be isolated from the circulation and the 

diagnosis of human cancer patients could be associated with altered miR levels (70, 71).  

We thus decided to apply the findings from the tissue analyses in the mouse model to 

plasma samples from patients with pancreatic cancers and other gastrointestinal cancers.  

Of the 17 miRs examined in the mouse model, we were able to detect and quantitate nine 

miRs in human plasma samples.  
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Figure 3. miR expression in human plasma can separate cancer patients. 
  (a)  Concentration of miR-10, miR-21, miR-223 and miR-155 in different individuals. 
Note the differences in Y axis scales. (b)  Unsupervised random forest analysis 
comparing pancreatic cancer (green triangles) versus liver (blue circles) and colon cancer 
(red squares). 

 

An inspection of individual data for miR-10, miR-21, miR-223, and miR-155 

showed that they were readily detected in the plasma of pancreatic cancer patients and 

appeared to be distinct from the other cancers (Fig. 3a) with the differences most striking 

for miR-21 and miR-155. An unsupervised random forest analysis showed that all but 

one of the samples from pancreatic cancer patients clustered together (Fig. 3b, green 

triangles).  Samples from patients with colon adenocarcinoma (red squares) showed little 

variability amongst themselves and were clearly distinct from those with pancreatic 

cancers.  Plasma samples from liver carcinoma patients (blue circles) showed a higher 

variability and tended to segregate closer to the pancreatic cancer samples.  The 

remaining five miRs isolated from the plasma of patients showed smaller differences in 

expression across the three cancer types (Fig. 4).   
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Figure 4. Expression of five miRs in 
plasma samples from patients with 
pancreatic, colon or liver cancer.  
The levels are normalized for U6. Note 
the differences in Y axis scales, 
indicating the relative abundance of 
each miR. 
 

 

 

 

 

miRs isolated from serum of mice with PDAC resemble the pattern observed in 
human samples.  
The same nine miRs isolated from patients plasma were isolated from the serum of four 

mice with pancreatic adenocarcinoma and three control mice. miR-10, miR-21, and miR-

155 were elevated in the serum from mice with adenocarcinoma relative to serum from 

control animals with 2.2 -, 4.0 -, and 1.8 –fold differences respectively (Fig. 5).  

 

 

 
Figure 5. miR levels in serum of mice with PDAC 
relative to control mice.   
miR-10, miR-21, and miR-155 showed similar 
upregulation in mouse and human pancreatic cancer 
tissues, and plasma from patients. 
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A further comparison of tissue and circulation levels for these miRs showed that mouse 

serum and tissues as well as human plasma and tissues showed very similar changes 

when comparing the respective control and cancer subsets (Fig. 2 ,3 & 5; Table 1). 

 

Expression of mRNAs that are predicted targets of upregulated miRs. 
 The impact of changes in the expression levels of miRs may be reflected in altered levels 

of target mRNAs and we thus evaluated whether published expression profiles of archival 

pancreatic cancer tissues would support this rationale. We further hypothesized that miRs 

found to be increased in the circulation of patients would need to be present at much 

higher levels in the diseased organ due to the dilution upon shedding into the blood 

stream. An in silico approach was used to identify the candidate mRNA targets from four 

published expression arrays of pancreatic cancers (see Materials and Methods). 

Interestingly, only a very limited set of target genes of the miR panel studied here were 

identified with this approach and are listed in Table 2.  
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Reference: (142) (132) (133) (143) 

 

Control (N) 

Cancer (N) 

5 

12 

10 

10 

6 

8 

11 

14 

miR Target gene Downregulation of mRNA 

10a EVI1    * ***   

MLLT10        * 

FGFR1  *** ***   * 

TRIP11  **       

 GPC3  * ***   * 

21 BCL2    *     

223 PSIP1      ***   

155 PSIP1      ***   

  MLH1    ***     

221 PTEN    *** **   

  TRIP11  **       

 

Table 2.  mRNA expression of miR target genes in pancreatic adenocarcinoma.  
 

miR-155 proved to be particularly intriguing, as it returned MLH1 as a target gene. 

MLH1 is a mis-match repair protein that contributes to the accumulation of genetic errors 

in the context of familial pancreatic cancer and some sporadic cases (144) and its mRNA 

was found downregulated in human pancreatic cancer samples.  We also found the 

expression of MLH1 mRNA to be underexpressed in mouse PDAC tissue in relation to 

control pancreatic tissue (Fig. 6).  
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Figure 6.  mMLH1 mRNA was decreased in 
PDAC tissues relative to control tissues in 
KrasG12D mice.  
N = three mice per group.  P = 0.084 
 

 

 

PTEN, a well- established tumor suppressor (145), was also found down-regulated in two 

of the studies and is a predicted target of miR-221. The functional relevance of the other 

candidate miR targets in Table 2 is not as obvious at this point in time. 

mMLH1 mRNA

control PDAC

0.00

0.25

0.50

0.75

1.00

1.25
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Discussion 
The mutant KrasG12D–driven pancreatic cancer model has been well characterized 

at numerous molecular and biological levels (74-76, 78, 79). Here we measured the 

expression of miRs in tissues representing the spectrum of pathological features these 

mice exhibit during malignant progression of the pancreas.  Our analysis shows that some 

miR changes associated with invasive pancreatic cancer are initiated during the precursor 

stages that show a distinct profile from invasive malignancies (Fig. 2). It was surprising 

to us how well these changes in the animal model mimic miR expression changes 

observed during malignant transformation of human pancreatic tissue (see Table 1).  

Most strikingly, a subset of miRs that includes miR-10, miR-21, and miR-155 were 

upregulated in pancreatic cancer tissues of patients and mice as well as the respective 

blood samples. This study thus provides evidence that the inter-species similarity of miR 

expression in the context of pancreatic cancer is quite high supporting the notion that 

pancreatic adenocarcinoma is a fairly homogeneous disease with mutant Kras as a major 

initiator and driver of malignancy. 

The comparative analysis of miR expression during malignant progression in the 

mouse model allows us to draw some conclusions about relevant miRs in the circulation 

that can indicate the presence of precursor lesions. Habbe et al. (136) report on the 

expression levels of miR in human intraductal papillary mucinous neoplasms (IPMN) 

tissues, concluding that miR-155 is upregulated and a possible tissue biomarker of pre-

invasive disease.  We found miR-155 to be upregulated in the sets that contain PanIN 

lesions in the mouse model and also found miR-155 stably upregulated in human plasma 

samples from patients.  IPMN, mucinous cystic neoplasm (MCN), and PanIN represent 
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the three precursor lesions of PDAC.  These three types of premalignancies have many 

genetic and pathologic similarities, but also some differences that allow for some 

distinction (28). Our findings support the thesis that plasma levels of miR-155 may 

represent a biomarker of PanIN lesions, due to the similarity of expression of miRs 

between mouse and human observed here.  

Similar miR changes in tissues and in the circulation suggest to us that miRs are 

released from the diseased tissues in a fairly continuous manner possibly via exosomes 

(146). With that rationale in mind, we have mostly focused on miRs that are increased in 

diseased tissues rather than those whose expression is reduced or lost. We reasoned that a 

loss of a given miR in a diseased tissue will only impact on steady-state levels in the 

circulation if the disease tissue is the major or only source of the miR detected in the 

circulation. E.g. miR-148 and miR-375 are downregulated very strongly when comparing 

normal and pancreatic cancer tissues (see Fig. 2C). miR-375 has been shown to play a 

major role in maintaining glucose homeostasis (147) and one early symptom of PDAC 

can be diabetes mellitus. Also, miR-148 represses expression of DNMT3b through a 

region in its coding sequence (148) and can thus impact DNA repair mechanisms. Thus, 

their loss, if detectable as a reduced level in the circulation, could provide some 

additional insights into altered pathway. 

An unbiased list of under-expressed mRNAs from pancreatic cancer versus 

normal tissues generated from four different studies returned 154 mRNAs that could be 

cancer relevant miR targets and were analyzed for their matching with the miR panel 

studied here (Table 2). The set of genes returned from this analysis contains MLH1, a 

target for miR-155 and PTEN for miR-221 that have experimental evidence linking them 
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to pancreatic cancer.  Medullary carcinoma of the pancreas is a distinct clinical sub-type 

of pancreatic cancer with pushing borders, syncytial growth pattern, and micro satellite 

instability (MSI) (149), and these cases have been found to lack MLH1 expression (150).  

Subsequent studies attribute some, but not all, of the loss of MLH1 in pancreatic cancers 

with MSI to promoter hypermethylation (151), suggesting that miR-155 may be involved 

in the generation of MSI through an inhibitory interaction with MLH1. PTEN loss had 

recently been linked to the development of pancreatic metaplasia and occasional 

carcinoma in a pancreas specific knockout of the murine gene (152).  A recent report 

where miR-21 and miR-221 were antagonized with antisense oligonucleotides in a 

pancreatic cancer cell line resulted in increased expression of tumor suppressors PTEN, 

RECK, and p27. This highlights a functional link between miRs detected in the 

circulation and the loss of tumor suppressor expression (153). While PTEN was not 

identified as a target for miR-21 in our in silico search, studies have shown a functional 

link in hepatocellular cancer (154), breast cancer (155), and squamous cell carcinoma of 

the tongue (156).  

 In conclusion, the coincidence of miR changes when comparing human and 

mouse tissue and blood specimens suggests that pancreatic adenocarcinoma has a set of 

drivers that are captured by the animal model used here. Beyond this surprising 

conservation of pathobiology, the signature miRs identified here could function as 

circulating biomarkers of early stage disease and could serve to monitor efficacy of 

desperately needed treatments of this dreaded disease. 
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Chapter 4: Detection and Treatment of Pancreatic Cancer with a Monoclonal 

Antibody Against Anaplastic Lymphoma Kinase. 

 

Results 
Purification and Quality Assessment of Anti-ALK IgG. 
  The development of monoclonal antibodies as research tools and therapeutic agents has 

provided the scientific and medical communities with invaluable agents that are highly 

specific in their binding to antigen and functional capacity.  Anti-ALK IgG was 

developed in our laboratory to be an antagonistic monoclonal antibody that bound 

specifically to the ligand binding domain (LBD) of the ALK receptor which binds ligands 

PTN and MK (105, 107, 108).  Previous reports showed the ability of polyclonal 

antibodies raised against the ALK ligand binding domain to be able to prevent PTN and 

MK binding that resulted in less cell proliferation and intracellular signaling of MAPK 

and PI3K. 

 To generate anti-ALK IgG to be used in in vitro and in vivo experiments, 

hybridoma cells screened for active production of monoclonal antibody that bound the 

extra cellular domain of ALK were subcloned and expanded in a large vessel tissue 

culture format with a CELLine 1000 flask (BD Biosciences).  The antibody rich 

supernatants were purified over a Protein G column (GE Biosciences) using a Pharmacia 

FPLC and a user defined purification program with PBS binding and wash buffer and 

0.1M glycine pH 3 elution buffer.  Antibody elution fractions were screened for purity by 

running small aliquots on SDS PAGE Tris / Glycine 4-20% gels and counterstained with 

Coomassie brilliant blue dye (Fig. 7). 
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Figure 7.  Representative 
photo of a Coomassie 
stained gel of anti-ALK 
IgG purified over a 
Protein G column. 
  F, flow through.  W, 
washes. 
 

 

 

 

 

Growth factor and serum contaminants from the hybridoma growth media were removed 

from the supernatants and the majority of the purified anti-ALK IgG eluted into one to 

three elution aliquots of high concentration. 

 Purified anti-ALK IgG was screened for specific binding to the LBD of ALK in 

ELISA (Fig 8).  Anti-ALK IgG bound LBD-GST immobilized peptide better than GST 

alone and better than vehicle solution of the antibody.  Only purified aliquots of anti-

ALK IgG that showed significant binding enhancement to LBD would be used for further 

studies. 

 
Figure 8. Anti-ALK-IgG bound to 
the ligand binding domain of the 
ALK receptor fused to glutathione 
S transferase (LBD-GST) greater 
than GST alone in ELISA. 
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  Antibody vehicle did not bind to either peptide.  * = p<0.05.  *** = p<0.001,  two-tailed 
Student’s t test. 
 

Recent reports have highlighted the promise of anti-angiogenic therapy in the 

treatment of pancreatic cancer (35, 157, 158).  Matrigel is a basement membrane 

substance that hardens at physiological temperature and endothelial cells stimulated with 

the potent angiogenic activator fibroblast growth factor 2 (FGF2) will invade the matrigel 

and begin to form vascular structures.  Past experiments determined that Alk mRNA was 

highly expressed among endothelial cells during active angiogeneis (Fig. 9) and we 

hypothesized that treatment with anti-ALK IgG could prevent this process.  Matrigel 

plugs infused with and without FGF2 were implanted in mice that were administered 

anti-ALK IgG at 10 mg / kg.  There was a significant decrease in the amount of 

endothelial cells that invaded the gel matrix in mice treated with the antibody, 

underscoring the ability of anti-ALK IgG to exert an antagonistic effect in a biological 

process in the context of Alk expression (Fig. 10). 

 

Figure 9.  Alk expression during angiogenesis.   
Alk was highly expressed in FGF stimulated 
endothelial cells that invaded matrigel plugs 
implanted in the abdomen of mice.  Bar = 0.1 mm. 
 
 
 
 
 
Figure 10.  Anti-ALK IgG can prevent 
angiogenesis. 
Treatment of mice bearing FGF infused matrigel 
plugs with anti-ALK-IgG resulted in a decrease in 
endothelial cells invading the plug.  N= ten mice 
per group.  * = p<0.05, two-tailed Student’s t test. 
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Alk is expressed in PanIN lesions. 
  Pancreata of KrasG12D transgenic mice have activating mutations of Ras GTPase, and the 

progression of PanIN lesions mimics the human condition.  Using in situ hybridization, 

we have discovered that Alk mRNA is expressed in PanIN lesions (Fig. 11).  The 

expression of Alk is confined to cells of the ductal epithelium.  Alk is present in PanIN 

lesions of all severity, and are highest in PanIN 3.  Many recent reports have determined 

the biological significance of PTN in the progression of pancreatic cancer (82-84) and we 

hypothesized that the discovery of ALK expression in pancreatic cancer could be a 

targetable entity with anti-ALK IgG.   

 

 
Figure 11.  Alk mRNA was expressed in pancreatic ductal epithelial cells of 
increasing PanIN grade and in PDAC.   
Arrows point to areas of Alk expression in the ductal epithelial cells of PanIN lesions that 
are present in anti-sense probed tissues and not sense probed tissues.  Bar = 0.1 mm. 
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Visualization of anti-ALK-IgG binding pancreatic tumor xenografts in vivo. 
  As shown in Figure 11, the Alk expression is present in PanIN lesions of increasing 

severity in the KrasG12D mouse.  In an effort to visualize the anti-ALK-IgG binding to its 

receptor in the intact organism, we established allograft tumors of pancreatic cancer cells 

derived from the pancreata of KrasG12D mice (Kras tumor cells).  RT-PCR confirmed the 

expression of Alk mRNA in Kras tumor cells. (Fig. 12).  

  

Figure 12.  RT-PCR expression of Alk and Gapdh in Kras 
Tumor cells. 

 

 

 

An aliquot of anti-ALK-IgG was covalently conjugated with quantum dot 

nanocrystals (herein called anti-ALK IgG Qdot) using a Qdot 655 Antibody Conjugation 

Kit (Invitrogen).  Forty microliters of anti-ALK-IgG Qdot was injected into the tail vein 

of ten athymic nude mice each bearing two allografts on their flanks.  Multi-spectral 

fluorescent images were taken before injection and 24 h after injection using a Maestro 2 

imaging system (CRI, Cambridge, Mass).  Fluorescent signal from anti-ALK IgG Qdot 

was concentrated in the allograft areas on the mice (Fig. 13).  There was also signal 

present in the appendages of the mice and a dorsal lymph node area.  There was 

negligible signal in the images taken before the injection of anti-ALK IgG Qdot.   

As a control to show the specific homing of the anti-ALK-IgG Qdot to the 

allografts, five separate mice bearing allografts of Kras tumor cells were injected with a 

different monoclonal antibody targeting maltose binding protein (MBP) that was 

conjugated to a fluorescent Qdot.  Multi-spectral images taken before and 24 h after 
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injection showed the signal detected for the anti-MBP-IgG Qdot did not home to the 

allograft areas and did not increase in intensity over time.   

 

 
Figure 13. Anti-ALK IgG homes to pancreatic cancer allografts.   
Representative images of three live mice before and 24 h after IV injection of anti-ALK 
IgG Qdot (A and B) or anti-MPB IgG Qdot (D and E).  The circles surround the 
allografts where fluorescent signal for each antibody was measured.  For better contrast, 
composite images where the fluorescent signal from anti-ALK IgG Qdot is green (C) and 
anti-MBP Qdot is blue (F) are shown.  A representative image (G) shows a surgically 
removed allograft bisected with the fluorescent signal of anti-ALK IgG Qdot 
concentrated in the tumor mass. 
 

 

Fluorescent signal of anti-ALK IgG Qdot could be detected in the tumor mass and under 

the skin of the surgically removed and bisected Kras tumor cell allografts (Fig. 13G). 

The total fluorescent signals in the areas of the Kras tumor cell allografts were 

measured for the anti-ALK IgG Qdot and anti-MBP IgG Qdot antibodies.  There was a 

large increase in fluorescent signal of the allografts 24 h after injection with the anti-ALK 

IgG Qdot but no increase in signal after anti-MBP IgG Qdot (Fig. 14). 
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Figure 14.  Anti-ALK IgG Qdot signal 
increased in Kras tumor cell 
allografts. 
The total fluorescent signal intensity of 
the allograft was measured for each 
antibody injected.  Anti-ALK IgG Qdot 
intensity increased in the allograft after 
24 h and anti-MBP IgG Qdot intensity 

did not change.  N= 20 tumors for anti-ALK IgG treated group.  N= 10 tumors for anti-
MBP IgG treated group.  *** = p<0.001.  ns = not significant. The mean total fluorescent 
signal and standard error of the mean from all tumors in each group were compared 
before and 24 h after treatment with a two-tailed Student’s T test. 
 
Treatment with Anti-ALK IgG Reduces PanIN progression. 
  Having established that Alk expression is high in PanIN lesions of all grades and that 

anti-ALK IgG can home to tumor cells that express Alk, we hypothesized that treatment 

with anti-ALK IgG could confer a therapeutic benefit on KrasG12D transgenic mice that 

will progress through all stages of pancreatic carcinogenesis similar to the human disease.  

We devised three prospective treatment studies to test this hypothesis. KrasG12D mice 

would be treated with anti-ALK IgG at 10 mg/kg or saline control for three times per 

week for six weeks intra peritoneally.  The three groups were constructed with mice at 

different ages in order to target a different range of PanIN lesions that have been 

previously determined to be present at that age.  The primary outcomes of the treatments 

would be the prevention of the appearance of lesions of a more severe grade when the 

mice were sacrificed at the end of treatment.  The secondary outcome for the group of 

mice aged 16 months at sacrifice was the appearance of metastasis, as this event has been 

recorded in KrasG12D mice of this age. 
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 The pancreata of KrasG12D mice whose treatment began at 2.5 months and 

sacrificed at four months were inspected for PanIN 2 lesions.  All mice regardless of anti-

ALK IgG treatment or saline control treatment had lesions categorized of PanIN 2.  The 

second group of mice was treated at 2.5 months IP with caerulin, a gastric hormone that 

can accelerate the progression of PanIN severity by induction of acute pancreatitis.  

These mice were sacrificed at four months after treatment with anti-ALK IgG or saline 

control and the pancreata measured for the appearance of PanIN 3 lesions.  Both anti-

ALK IgG treated and saline control treated groups had 16.6% (1/6) of mice with lesions 

classified as PanIN 3. 

 The final group of mice began treatment with anti-ALK IgG or saline control at 

14.5 months of age and was sacrificed at 16 months of age.  The pancreata of these mice 

were assessed for the appearance of PDAC.  Anti-ALK IgG treatment was most effective 

at preventing the progression of late PanIN to PDAC, with 8.3% (1/12) of antibody 

treated mice harboring PDAC compared to 33.3% (4/12) of saline treated control mice.  

The secondary outcome measure was the appearance of metastasis.  No mouse treated 

with anti-ALK IgG had evidiecne of metastasis at time of sacrifce, while 25% (3/12) of 

saline control treated mice had metastasis to locations such as the spleen and liver.  Table 

3 summarizes the findings of the treatment studies. 
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   Outcomes  

Age at Treatment End Primary Outcome Anti-ALK IgG Saline control 

4 months PanIN 2 5/5 5/5 

4 months (CCK) PanIN 3 1/6 1/6 

16 months PDAC 1/12 4/12 

  

Secondary Outcome 

  

16 months metastasis 0/12 3/12 

 
Table 3.  Primary and secondary outcomes of KrasG12D mice treated with anti-ALK 
IgG or saline control. 
  Anti-ALK IgG prevented the appearance of PDAC in most mice and metastasis in all 
mice treated. 
 
 

Anti- ALK IgG Treatment Induces Apoptosis in the Pancreas.   
 We performed a TUNEL assay on sections of the mice pancreata from the anti-ALK-IgG 

and saline control treated groups to determine if antibody treatment promoted apoptosis.  

Anti-ALK-IgG treated mice had an increase in TUNEL positive nuclei compared to 

control (Fig. 15a) in PanIN ductal cells. There was no difference in cellular proliferation 

between antibody and saline treated mice, as measured by Ki-67 staining in pancreatic 

sections (Fig. 15b).  Cleaved caspase 3 was also detected in the pancreatic ductal cells of 

mice treated with anti-ALK IgG, indicating that the mechanism of action for the antibody 

included the execution of apoptosis in cells previously determined to have high Alk 

mRNA expression (Fig. 15c-d).  Less cleaved caspase 3 was present in tissues from mice 

treated with saline control (Fig. 15e-f).  This suggests that the halting of PanIN 
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progression caused by antibody treatment is due to cellular death as opposed to a slowing 

of the proliferation rate. 

 a     b 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15.  Apoptosis increased in the pancreas of mice treated with anti-ALK IgG. 
  Pancreata of anti-ALK IgG treated mice showed more (a) TUNEL positive nuclei but no 
change in (b) Ki-67 staining compared to saline control treated mice.  Representative 
images showing an increase of cleaved caspase 3 in the pancreas of mice treated with 
anti-ALK IgG (c and d) compared to mice treated with saline control (e and f).  Arrows 
point to areas of high caspase 3 staining in ductal epithelial cells.  N = 4 for anti-ALK 
IgG treated mice and n = 5 for saline control treated mice.  p = 0.1481 for TUNEL and p 
= 0.5076 for Ki67 analyzed by Student’s T test.  Bar = 0.1 mm. 
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 We sought to determine the effect of anti-ALK IgG on the growth rate of 

established tumors.  This is in contrast to the prospective treatment studies using KrasG12D 

mice where the pancreatic pathology was not known until the mouse was sacrificed after 

the experiment.  It was previously determined that the rate of growth of Kras tumor cells 

as allografts was very robust and in order to increase the likelihood of a response with 

anti-ALK IgG treatment we performed a treatment study with an increased dosing 

schedule.  Also, the effects of anti-ALK IgG in KrasG12D mice were the result of a long 

treatment schedule of an effective dose at a relatively low concentration.  A higher dose 

of anti-ALK IgG would help to determine if anti-ALK IgG could have more acute effects 

when delivered more often and maintained at a high steady state level of antibody.  Nude 

mice with Kras tumor cell allografts were treated three times per day over the course of 

15 days to reach a total dose of 15 mg/kg.  The allografts of mice treated with anti-ALK 

IgG were a smaller size near the end of treatment (Fig. 16).  Unfortunately the tumor 

sizes became too large according to GUACUC regulations and prevented us from 

continuing the treatment for a longer period of time.  We recorded at which time point 

during treatment that the mice reached the unacceptable tumor burden of 1000 mm3.  The 

allografts of mice treated with anti-ALK IgG had an increased latency of unacceptable 

tumor burden compared to mice treated with saline control (Fig. 17). 
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Figure 16. Anti-ALK IgG treatment 
slowed the growth of established tumors. 
Allografts of Kras tumor cells were smaller 
in mice treated with anti-ALK IgG 
compared to mice treated with saline control.  
Average tumor sizes for each group were 
compared with Student’s T test.  Bars 
represent the standard error of the mean.  N 
= 16 tumors in anti-ALK IgG group.  N = 13 
tumors in saline control group.* = p < 0.05.   
 
 
 
 
 

 
 
 

Figure 17.  Anti-ALK IgG 
slows Kras tumor cell 
progression. 
Allografts of Kras tumor 
cells had an increased 
latency of unacceptable 
tumor burden in nude mice 
treated with anti-ALK IgG 
and not in mice treated with 
saline control.  Kaplan-
Meier Log Rank test p < 
0.05. 

 

 The delay in unacceptable tumor burden experienced by the mice treated with 

anti-ALK IgG was determined to be a result of increased apoptosis as measured by 

TUNEL positivity in the tumor masses, similar to the induction of apoptosis seen in 

KrasG12D mice treated with anti-ALK IgG (Fig. 18).  
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Figure 18.  Anti-ALK IgG induced apoptosis in 
Kras tumor cell allografts. 
Allografts of Kras tumor cells in nude mice treated 
with anti-ALK IgG had more TUNEL positive 
nuclei than saline control treated mice, indicating 
an increase in apoptosis.  N = 3 tumors for each 
group.  p = 0.053, Student’s t test. 
 

 

 

Cleaved caspase 3 was also detetected in the Kras tumor cell allografts of both anti-ALK 

IgG and saline control mice but was very widespread due to the rapid rate of growth and 

central core necrosis characteristic of this cell type, and TUNEL positivity was 

determined to be the more specific assay of apoptotic events. 

Anti-ALK IgG Inhibits Stat3 and Ras But Not Mapk. 
  Possible mechanisms of action for a monoclonal antibody include the prevention of 

ligand binding or hindrance of receptor dimerization resulting in a lack of 

phosphorylation and subsequent signal amplification of downstream, intracellular 

mediators.  ALK has been determined to have a number of intracellular signal transducers 

that are activated upon ALK receptor activation, including STAT3 and RAS-MAPK.  We 

hypothesized anti-ALK IgG could alter the activation status of these signal transducers 

causing the slowing of cancer progression and increased apoptosis seen with treatment. 

 We examined the phosphorylation status of Stat3 in tissues of KrasG12D mice 

treated with anti-ALK IgG or saline control.  We found that anti-ALK IgG treatment lead 

to a decrease in phospho-Stat3 in pancreatic ductal cells of early and late PanIN lesions 
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(Fig. 19).  Pancreatic tissues from mice not treated with anti-ALK IgG also showed 

phospho-Stat3 present in the stroma which could possibly have been immune cells 

infiltrating the tissue during the intense desmoplastic reaction of pancreatic cancer.  

There was less phospho-Stat3 present in the stromal compartment of anti-ALK IgG 

treated mice as well. 
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Figure 19.  Anti-ALK IgG decreased phospho-Stat3 in KrasG12D mice. 
Representative images of decreased phospho-Stat3 expression in the pancreas of mice 
treated with anti-ALK IgG compared to saline control treated mice.  Bar = 0.1 mm. 
 

 The phosphorylation status of Stat3 in mice bearing Kras tumor cell allografts and 

treated with anti-ALK IgG was also decreased compared to mice treated with saline 

control (Fig. 20a).  However, the difference in phospho-Stat3 expression between anti-

ALK IgG and saline control treated mice was greater in the KrasG12D pancreatic tissues 

than in the Kras tumor cell allografts.  The Kras tumor cells may have a lesser 

dependence on the activation of Stat3 compared to the KrasG12D pancreatic tissues, 

possibly accounting for this difference.  When Kras tumor cells were cultured in vitro and 

treated with anti-ALK IgG or vehicle control for 1, 8, and 24 hours, largest effects of 

anti-ALK IgG were seen in the decrease of total Stat3 at the latest time point (Fig. 20b).  

The levels of phospho-Stat3 were minimal at all time points and only slightly more 

depressed at 24 h. 
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Figure 20. Anti-ALK IgG decreased phospho-Stat3 in Kras tumor cell allografts and 
in vitro. 
(A) Kras tumor cells in allografts of nude mice treated with anti-ALK IgG showed a 
subtle decrease of phospho-Stat expression compared to mice treated with saline control.  
(B) Kras tumor cells cultured in vitro with anti-ALK IgG or vehicle control showed a 
decrease of total Stat3 (tStat3) levels at 24 h of treatment (hours tx) along with a smaller 
concomitant decrease of phospho-Stat3 (pStat3).  Bar = 0.1 mm. 
 
 The activation status of the Ras-Mapk pathway in response to treatment with anti-

ALK IgG was investigated in the 16 month old mice from the prospective treatment 

study.  Ras is a monomeric G protein that when activated by an upstream trigger, like 

ALK phosphorylation, becomes bound to GTP in the activated state.  Ras in the inactive 

form is bound to GDP.  Raf1 has a specific binding domain for the activated GTP bound 

form of Ras and was used in a modified immunoprecipitation reaction to measure the 

activated Ras in pancreatic tissue lysates from KrasG12D mice treated with anti-ALK IgG 

and saline control.  It was expected that all KrasG12D mice would have a similar 

proportion of active Ras in pancreatic tissues, as the mutated KrasG12D gene results in the 

endogenous expression of constitutively active Ras protein.  However, of five mice 

treated with anti-ALK IgG whose levels of total Ras in the lysates were readily detectable 

(mouse 1-5), four of the pancreatic lysates saw a marked decrease in the amount of 
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activated Ras protein (Fig. 21).  In contrast, four of five saline control treated mice 

(mouse 7-11) showed an abundance of activated Ras protein.  

 
 
Figure 21. Anti-ALK IgG decreased active Ras but not Mapk in KrasG12D mice. 
Pancreatic lysates of individual mice were subjected to Ras activation assay and Western 
blot for phosphorylated Mapk (pMAPK).  Anti-ALK-IgG treatment decreased Ras 
activation in mice 1, 2, 3 and 4.  pMAPK was not consistently affected by treatment with 
anti-ALK IgG as both groups showed over and underexpression. 
 

Despite the decrease in Ras activation in the pancreas of mice treated with the 

antibody, we did not see a corresponding decrease in Mapk phosphorylation, which is 

known to be a major downstream event (Fig. 21, bottom). This evidence suggested that 

the activation of the Ras-Mapk pathway was not being modulated by treatment with anti-

ALK IgG.  To confirm this result, immunohistochemistry performed on the pancreata to 

detect phosphorylated Mapk showed that areas of highest phosphorylation are in ducts 

with PanIN lesions and absent in normal parenchyma (Fig. 22), but with no difference in 

the expression levels between anti-ALK IgG or saline control treated mice. 

Figure 22.  Anti-ALK IgG did not 
prevent MAPK activation in 
KrasG12D mice. 
Representative images of pancreatic 
tissue of KrasG12D mice treated 
with anti-ALK IgG or saline control 
showing the similar expression of 
phospho-MAPK.  Bar = 0.1 mm. 
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 The decrease in activation of Ras seen in the pancreata of KrasG12D mice treated 

with anti-ALK IgG was not associated with a mechanism involving a decrease in 

phosphorylated-Mapk.  The evidence suggested that the effect of anti-ALK IgG was on 

the activation of Ras alone and not on the activation of Mapk.  We saw a similar 

phenomenon in vitro.  Kras tumor cells treated with anti-ALK IgG for 24 and 48 hours 

showed a decrease in Ras activation compared to control (Fig. 23) but, similar to 

signaling in the mouse pancreata, examination of phosphorylated members of the 

Ras/Raf/Mek/Mapk family did not show a decrease in activity with anti-ALK IgG 

treatment (Fig. 23).  Phosphorylated Mek1/2 and Mapk did not decrease to any 

appreciable level compared to control. 

COLO357 cells, a human cell line lacking a constitutively active Ras mutation, 

did not show a decrease in Ras activation with anti-ALK IgG treatment and there was no 

consistent change in activation of molecules downstream of Ras in response to anti-ALK 

IgG treatment compared to control.   

 

Figure 23.  In vitro Ras signaling in 
response to anti-ALK IgG treatment. 
Kras tumor cells with a KrasG12D 
mutation and COLO357 cells without a 
KrasG12D mutation were treated with 
anti-ALK IgG or vehicle control for 24 
and 48 hrs.  Similar to the effect seen in 
KrasG12D pancreatic tissue lysates, anti-
ALK IgG decreased Ras activation in 
Kras tumor cells.  Phosphorylation of 
the MAPK family did not change in 
response to anti-ALK IgG treatment.  
There was no change in Ras or MAPK 
activation in COLO357 cells with anti-
ALK IgG treatment. 
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Therefore we hypothesized that anti-ALK IgG could only affect cells with constitutively 

active Ras and that COLO357 cells when treated with anti-ALK IgG would show a 

minimal response.  When we measured cell proliferation of COLO357 cells treated with 

anti-ALK IgG or vehicle control, the only difference was seen at 48 h (Fig. 24).   

 

Figure 24.  Anti-ALK IgG treatment decreased proliferation of COLO357 cells. 
COLO357 cells treated with anti-ALK IgG showed a decrease in proliferation at 48 h 
compared to treatment with vehicle control.  Earlier time points were unaffected.  * = p < 
0.05 Student’s t test. 
 

The mechanism of action of anti-ALK IgG in the treatment of pancreatic cancer most 

likely involves downstream inhibition of Stat3 activation.  While there is some evidence 

that anti-ALK IgG can inhibit the activation of constitutively active Ras, there is no 

connection between inhibition of Ras and any common downstream intracellular 

mediator proteins.  This suggests that other mechanisms may be at work besides the Ras-

Mapk pathway in the response of pancreatic cancer to anti-ALK IgG treatment. 
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MicroRNA Changes With Anti-ALK IgG Treatment. 
  We hypothesized that anti-ALK IgG could alter the genetics of the target tissue given 

that treatment caused a decreased expression of phospho-Stat3, a signal transducer that 

normally exerts if biological effects by entering the nucleus and binding to DNA 

response elements.  It has been reported that NPM-ALK activation of STAT3 can lead to 

epigenetic silencing of STAT5A by binding to and activating the promoter MeCP2, a 

capping protein.  With STAT5A silenced, it cannot bind to an enhancer and intronic 

sequence of NPM-ALK that would result in suppression of NPM-ALK (159).  We thus 

looked at gene expression changes that were the result of anti-ALK IgG treatment, and 

started with the panel of miRs that we reported were detectable during the late stages of 

PanIN progression, where anti-ALK IgG had the greatest effect in the prospective 

treatment study. 

 We performed qRT-PCR for 14 mature miRs in pancreatic tissues that were 

treated with anti-ALK IgG or saline control.  Also included in the panel were tissues from 

mice lacking the KrasG12D mutation and thus having a wild type pancreatic phenotype.  

Seven of the miRs changed their expression in pancreatic tissue when anti-ALK IgG 

treatment was administered.  Of these seven, miRs 301a and 375 had the most dramatic 

changes.  MiR 301a had low expression in control tissues treated or untreated with anti-

ALK IgG.  Expression increased in tissues with a predominance of PanIN lesions or 

PDAC.  Expression of miR 301a in tissues with PanIN but treated with anti-ALK IgG 

had levels most similar to control tissues.  The expression of miR 375 was opposite but 

showed a similar pattern with anti-ALK IgG treatment.  Control tissues had very high 

miR 375 expression that was lost in PanIN tissues or PDAC.  However tissues with 



 69 

mostly PanIN ductal lesions from mice treated with anti-ALK IgG had expression levels 

of miRs 375 more similar to control tissues (Fig. 25). 

 

Figure 25. miR changes were measured by qRT-PCR in pancreatic tissues of both 
KrasG12D and negative mice treated with anti-ALK IgG or saline control. 
(left)  Expression of miRs 22, 34a, 141, 148a, 148b, 210c, 301a, and 375 were similar in 
anti-ALK IgG treated mice and control mice while saline treatment resulted in a change 
in expression similar to that seen in PDAC. (right) miRs 10, 16, 21, 100, 155, and 199 did 
not change expression in response to antibody treatment. 
 

 Another set of miRs did not change their expression depending on anti-ALK IgG 

treatment and instead showed similarity in expression based on phenotype of the tissue.  

Interestingly, these miRs included 10, 16, 21, 100, 155, and 199 that were also the miRs 

whose expressions were able to determine tissue type based on detectable levels in the 

circulation of mice and humans.  It is possible that these miRs are components of genetic 

and signaling pathways integral to the progression of pancreatic cancer but without 

connection to the ALK dependent axis that anti-ALK IgG exerts its effect upon. 

 We sought to identify alterations in protein expression that may have been the 

result of a change in miR expression due to anti-ALK IgG treatment.  We analyzed the 

possible targets of miR 375 because of the nearly 100-fold decrease in expression 

between control tissue and PanIN and PDAC tissues, and that anti-ALK IgG prevented 
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this loss.  Previous reports have described the functional relationship between miR 375 

and phophoinositide dependent kinase (PDK1) in the pancreas (160-162).  PDK1 

phosphorylates AKT upon growth factor or tyrosine kinase activation of the 

phosphotidylinositol 3 kinase pathway (163).  We hypothesized that anti-ALK IgG 

treated pancreas tissues would have a decrease in the activation of Pdk1 or its target for 

activation, Akt, because of the ability of anti-ALK IgG to increase expression of miR 375 

resulting in inhibition of the mRNA stability PDK1.   

 Phospho-Akt and phospho-Pdk1 expression were slightly decreased in early 

PanIN ductal lesions in tissues of KrasG12D mice treated with anti-ALK IgG.  However, 

later grade PanIN lesions present in the same pancreatic tissue specimen of anti-ALK IgG 

treated mice did not show a decrease in the expression of either protein.  The later grade 

PanIN lesions exhibited expression of phospho-Akt and phospho-Pdk1 at levels similar to 

PDAC tissue of mice treated with saline control (Fig. 26). 
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Figure 26.  Pdk1 and Akt activation in KrasG12D mice treated with anti-ALK IgG. 
Pdk1, a possible target of miR-375, showed a decreased level of phosphorylation in early 
PanIN lesions in the pancreata of mice treated with anti-ALK IgG.  This decrease was not 
seen in late PanIN or PDAC lesions.  Phosphorylated AKT expression was seen in some 
early PanIN lesions but in less late PanIN lesions in pancreatic tissues from anti-ALK 
IgG treated mice.  Bar = 0.1 mm. 
 

 The current evidence suggests that anti-ALK IgG can prevent Pdk1 and Akt 

activation in earlier grade PanIN lesions in the context of increased miR 375 expression.  

More severe grade PanIN lesions did not show a decrease in Pdk1 or Akt activation.  

Possibly PanIN 2 and more likely PanIN 3 lesions have reached a threshold of decreased 

miR 375 expression that increases the likelihood a pancreatic duct will progress to PDAC 

and has passed the therapeutic window for anti-ALK IgG treatment efficacy. 
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Discussion 
 
 Our studies provide evidence that targeting Alk in the pancreas can provide a 

therapeutic benefit by reducing PanIN lesion progression, the development of PDAC, and 

metastasis.  The mechanism of action of anti-ALK IgG in the pancreas involves the 

reduction of Stat3 activation resulting in an increase in apoptosis.  The inhibition of Ras 

activity may also be a product of anti-ALK IgG treatment, but this biological event was 

not followed by a decrease in Mek1/2 or Mapk activation. 

 Pancreatic cancer is a disease with very few effective treatment options.  As 

described in the introduction, treatments for pancreatic cancer do little to improve the 

clinical course of the disease, and the grim reality is that the five - year survival still 

remains near 5%.  The recent development of therapies rationally designed to have 

molecular targets is promising for the treatment field but has yet to make a large clinical 

impact.  Pancreatic cancer has a sequence of well - characterized genetic and molecular 

events that promote and maintain the progression of PanIN lesions to PDAC.  The future 

of successful therapy will be the targeting of these molecular events. 

 We identified the expression of Alk mRNA in pancreatic ductal cells of PanIN 

lesions and in the ducts of PDAC.  Expression and activation of ALK has been reported 

in many cancer settings.  ALK expression and its causal relationship to transformation is 

most evident in cancer of the nervous system and immune system.  Mutations of ALK 

were shown to drive the proliferation of neuroblastoma cell lines and the expression of 

these mutations were present in a subset of patients with neuroblastoma (164-167).  In 

glioblastomas and other cancers of the brain ALK has also been ascribed a role in cell 

transformation and experiments inhibiting its action have led to decreased cell 
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proliferation and increased apoptosis (111, 117, 168, 169).  Translocations of the ALK 

receptor are present in a growing number of lymphoma subtypes with evidence that the 

constitutive activation of the chimeric receptor is the driving oncogenic event (116).  

ALK expression has also been reported in different breast cancer subtypes (118), which 

we have also seen in breast tumors of MMTV-HER2/Neu transgenic mice. 

 The expression of ALK in pancreatic cancer tissues was not surprising given the 

increasingly important role that PTN has been reported to have in the disease.  PTN in the 

circulation detected by ELISA was found to be elevated in pancreatic cancer patients than 

patients with other types of cancer (82).  Ribozyme depletion of PTN in COLO357 cells 

abrogated cell proliferation (82-84).  The expression of ALK in a disease setting where 

its ligand PTN figured prominently in the underling biology gave us the opportunity to 

test the hypothesis that prevention of ALK activation would alter the pro-growth actions 

of PTN. 

 To test this hypothesis we generated a specific monoclonal antibody to the LBD 

of ALK.  Other antibodies have been developed to target ALK with effects ranging from 

stimulatory (170), partial agonist (109), to antagonistic (105, 107, 108).  Our laboratory 

has also developed a single chain variable fragment antibody (scFv) that could bind the 

LBD of ALK to limit PTN stimulated signal transduction, prevent glioblastoma cells 

from penetrating a monolayer, and reduce the growth of xenografted cells transfected 

with the scFV expression plasmid (168).  Unfortunately, the rapid renal clearance of the 

scFv did not allow for long term in vivo treatment studies while a monoclonal antibody 

can have a serum half life of up to two weeks. 
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 It was important to establish that anti-ALK IgG could bind ALK effectively in an 

in vivo setting and we thusly performed experiments to test the hypothesis that injected 

anti-ALK IgG would localize to its site of action.  Quantum dot technology has become 

an indispensable agent for biological imaging in the cancer setting.  We performed 

antibody localization studies in vivo with Qdot conjugated anti-ALK IgG to determine if 

anti-ALK IgG could localize to tumors of pancreatic origin. 

 Other antibodies have been developed to identify markers of pancreatic cancer 

with goals of early detection or treatment.  EphA2 is a tyrosine kinase expressed in 

pancreatic cancer cells that when targeted with an agonist antibody resulted in receptor 

degradation, decreased cancer cell proliferation, and decreased intracellular signaling and 

when targeted with an antagonistic antibody resulted in a loss of tumor vascularization 

(171).  Monoclonal antibodies conjugated with radioisotopes like technetium-99m in 

experiments that targeted the surface protein MUC1 showed effective tumor imaging in 

nude mice bearing xenografts (172).  Radiolabeled antibodies have also been used 

therapeutically and as an imaging tool (173).  Trastuzumab, which has seen tremendous 

clinical benefits in breast cancer patients with Her2 mutations, has also begun to be used 

for treatment of pancreatic cancers that harbor Her2 mutations (174).  These previously 

successful experiments showed that monoclonal antibodies could be a useful therapeutic 

or imaging tool in pancreatic cancer. 

 What makes anti-ALK IgG especially exciting is that in addition to its usefulness 

as an imaging tool, it was also efficacious in treatment of pancreatic cancer in allografts 

and transgenic mice.  Usually, when patients present with pancreatic cancer they have 

large tumors of advanced stage.  Treatment of established Kras tumor allografts with anti-
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ALK IgG resulted in the allografts being smaller compared to mice treated with saline 

control.  The Kras tumor cell allografts grew rapidly and the tumor burden quickly 

reached a point where the mice needed to be removed from the study.  The mice treated 

with anti-ALK IgG also reached this unacceptable tumor burden at a later time point.  In 

the transgenic mice, those treated with anti-ALK IgG developed PDAC and metastasis 

with less frequency.  These data provide evidence that targeting ALK with a specific 

biological agent can be an effective treatment at three important points of carcinogenesis: 

1) progression from precursor stage to carcinoma, 2) propagation of carcinoma, and 3) 

metastatic lesions.  Treatment with anti-ALK IgG when the pancreas contains precursor 

lesions like PanIN 3 prevented PDAC development.  Established Kras tumor cell 

allografts began to slow their growth in mice treated with anti-ALK IgG.  And finally, 

metastasis was prevented in transgenic mice treated with anti-ALK IgG.   

A number of small molecule inhibitors of ALK have been used to target the 

receptor and have seen success. NVP-TAE684 is a small molecule inhibitor that 

decreased the phosphorylation of NPM-ALK fusion protein in ALK positive lymphomas 

(175).  NVP-TAE684 treatment of Ba/F3 neuroblastoma cells and transformed human 

neuroblastoma cells containing activating ALK mutations resulted in decreased cell 

proliferation (176).   Two other ALK small molecule inhibitors, one being a fused 

pyrrolocarbazole ring and the other being a diaminopyrimidine derivative showed 

differential efficacy based on the ALK mutation the lymphoma cell was harboring to 

block ALK phosphorylation, cell proliferation, and intracellular signaling (177). 

GSK1838705A, which was developed principally as an IGFR-1 inhibitor, could decrease 

the growth of wildtype ALK dependent tumors as well (178). 
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Biological inhibitors of ALK have been mostly of two categories: those that target 

the fusion protein of ALK with another receptor formed as a result of a chromosomal 

translocation, or those that have an efficacy that is dependent on the activating mutation 

present in the ALK receptor.  To our knowledge the ALK expression in the pancreas is of 

a wild type receptor that is activated by PTN ligand stimulation.  Further experiments 

would need to be conducted to determine if anti-ALK IgG would have the same efficacy 

in a system dependent on mutated ALK activation or ALK activation as a result of a 

chimeric receptor. 

 Activation of the ALK receptor can lead to many different intracellular signals 

resulting in a wide variety of cancer-like phenotypes including increased proliferation, 

growth, or invasion.  We focused our attention on two different pathways that can be 

activated by ALK: STAT3 and RAS – MAPK.  STAT3 is activated by phosphorylation 

in response to upstream signaling by growth factors, tyrosine kinase activation, or 

cytokine stimulation.  Activated STAT3 will translocate into the nucleus to bind 

promoters of different responsive genes.  Many studies provide evidence that activation 

of STAT3 in response to ALK activation can be a driving oncogenic event.  

Phosphorylated STAT3 was found in most ALK positive anaplastic lymphoma tissue and 

the absence of phosphorylated STAT3 correlated with a longer survival time (179).  In an 

NPM-ALK expressing transgenic mouse, STAT3 was found to be activated and 

necessary for transformation of mouse fibroblasts and human and mouse lymphoid cells.  

Anti-sense oligonucleotides to STAT3 could prevent human and mouse tumors driven by 

NPM-ALK expression (180). Studies have also shown how the activation of STAT3 

downstream of ALK activation could provide a favorable environment for cancer cells by 
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limiting the immune response.  STAT3 activation induced by NPM-ALK could induce a 

T-regulatory cell phenotype that limits normal immune activity by secretion of IL-10 thus 

allowing tumor cells of anaplastic lymphoma to persist (181).  NPM-ALK activation lead 

to STAT3 induced production of the immunosuppressive cell surface protein CD274 

(182). 

 Anti-ALK IgG treatment resulted in a decrease of Stat3 activation in tissues of the 

KrasG12D mice, allografts of Kras tumor cells, and Kras tumor cells cultured in vitro. 

Constitutive STAT3 activation has been documented in pancreatic cancer (183) and the 

inhibition of STAT3 activation has been proposed as a possible therapeutic approach 

(184). Benzyl isothiocyanate treatment reduced STAT3 activation in pancreatic cancer 

cells resulting in an increase in apoptosis (185), similar to the induction of apoptosis that 

was seen in response to anti-ALK IgG treatment.  The inhibition of STAT3 activation has 

been seen to induce apoptosis in other cancer models.  When a dominant negative form of 

STAT3 was introduced into NPM-ALK dependent lymphoma cells apoptosis was 

induced (186).  We also saw that with anti-ALK IgG treatment there was a decrease in 

metastasis.  A decrease of STAT3 activation has been shown to lessen the metastatic 

potential of pancreatic cancer cells when SMAD4 is no longer functional and able to 

mediate STAT3 function (187).  These data support that the inhibition of STAT3 by 

targeting upstream activation at the ALK receptor can be a therapeutically beneficial 

approach to pancreatic cancer.  

 The KrasG12D transgenic mouse model is built upon the observation that a great 

majority of PanIN precursor lesions (48) and pancreatic cancers (144) have a mutation in 

Ras that causes constitutive activation and results in promotion of cancer phenotypes.  
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One of the intracellular pathways activated in response to ALK stimulation is the RAS-

MAPK pathway (116, 188).  We investigated whether anti-ALK IgG treatment would 

affect the activation of the Ras-Mapk pathway by modulating Alk activation in pancreatic 

tissues.  Lysates of pancreatic tissue from mice treated with anti-ALK IgG showed a 

decrease in the levels of activated Ras that was not seen in saline treated mice.  A 

reduction in activated Ras was also seen in Kras tumor cells when treated with anti-ALK 

IgG.  However a decrease in Mapk activation was not seen in vivo nor was there a 

decrease in Mek1/2 or Mapk activation in vitro with anti-ALK IgG treatment. 

 RAS activation can result in activation of different downstream pathways eliciting 

varying responses including changes in cell shape, increases in cell proliferation, and 

enhancement of cell survival (189).  RAS activation can activate phosphoinositide 3-

kinase leading to the activation of RAS.  NPM-ALK dependent RHO kinase activation 

led to the activation of RAC and CDC42 resulting in cytoskeletal changes and a growth 

advantage (190, 191).  Both RAC and CDC42 can also be activated by RAS with likely 

similar effects and would be interesting targets for investigation in future experiments 

especially in relations to anti-ALK IgG’s ability to limit metastasis, a phenomenon highly 

correlated with cytoskeletal changes.  Ras activation may also stimulate the activation of 

PDK1 and AKT giving cells a survival benefit.  Inhibition of NPM-ALK led to a 

decrease in AKT phosphorylation and survival in anaplastic lymphoma cell lines (192, 

193).  Despite the robust decrease of Ras activation in animals and cells treated with anti-

ALK IgG we saw no changes in cell size or architecture, activation of Mapk and cell 

proliferation, or Akt activation and cell survival.   
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 The best evidence to support a molecular mechanism of action of anti-ALK IgG 

was the decrease in Stat3 activation and resultant increase in apoptosis.  It is possible that 

alternate activation signals may be responsible for activation of Mapk and Akt that are 

not affected by inhibition of Ras signaling by anti-ALK IgG treatment and that Stat3 

activation in the pancreas is more sensitive to the activation status of Alk.  Future 

experiments aimed at determining the dependence of cancer phenotypes in the pancreas 

on the activation of Alk and Stat3 would help to address this hypothesis.  The KrasG12D 

transgenic mouse model is dependent on the constitutively active mutated Ras protein to 

maintain the pancreatic cancer progression and it is possible that Ras is the most acutely 

sensitive component of this model.  In these experiments relatively short treatments with 

anti-ALK IgG were enough to decrease Ras signaling but longer treatments may be 

needed to affect the Mapk or Akt pathways that may be faster to recover or slower to lose 

activation status.  Indeed, the timing of Mapk activation and the subsequent changes in 

cell fate has been extensively researched (194).  One theory proposes that genes activated 

as a result of limited or sustained MAPK activation can act as sensors and under certain 

conditions maintain MAPK activation (195, 196).  A maintenance of MAPK activation 

may prevent it from being affected by a limited treatment of a specific antagonist targeted 

to a single receptor as our experiments suggest. 

 Drug treatments that target a specific molecular entity will often result in the 

modulation of intracellular signals that result in a change in gene transcription and 

subsequent protein translation.  MiRs have been shown to have altered expression in 

various settings in response to drug treatments.  The expressions of thirty one different 

miRs changed in human non-small cell lung carcinoma cells in response to 
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Suberoylanilide hydroxamic acid, a histone deacetylase inhibitor (197).  MiR 21, which 

is increased in colon cancer cells, further increased its expression in response to 5-

fluorouracil treatment (198).  Treatment with anti-ALK IgG changed the expression of 

select miRs in the tissues of KrasG12D mice.  Expression of miR 375 remained as high as 

control levels in PanIN tissues of mice treated with anti-ALK IgG while decreasing 

greatly in tissues of saline treated mice.  We examined further the mRNA targets of miR 

375 and determined that Pdk1 expression was also changed in response to anti-ALK IgG 

treatment.  Pdk1 and Akt activation status changed most prominently in early PanIN 

lesions and not in later PanIN lesions or PDAC tissues. 

 Roles for miR 375 have been defined in the pancreas as being integral to 

development of the islet compartment of the organ (162, 199, 200) and the maintenance 

and function of insulin secretion and glucose homeostasis (161, 201).  The expression of 

miR 375 is decreased in cancerous tissues, as was seen in hepatocellular carcinoma (202), 

esophageal carcinoma (203), and pancreatic carcinoma (135, 137), as was also shown in 

our own experiments.  The anti-ALK IgG induced changes in the expression of miR 375 

may be due to the ability of anti-ALK IgG to slow progression of pancreatic cancer and 

maintain the tissue architecture of less severe PanIN lesions and associated unharmed 

islet compartments, thereby providing more sources for miR 375 production.  More 

interesting would be the causal induction of miR 375 in response to anti-ALK IgG 

treatment, a hypothesis that will be experimentally tested in Kras tumor cells treated with 

anti-ALK IgG and surveyed for miR expression changes.  One caveat to this type of 

experiment is the reality that miR 375 expression is very low in cancer tissues and would 

be assumed to be quite low in a cell line derived from such tissues.  It may therefore be 
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difficult to accurately quantify an expression change in miR 375 if such low expression 

exists.  Alternative experiments would focus on the forced expression of miR 375 to 

determine if its expression can mimic the effects seen with anti-ALK IgG treatment in 

pancreatic cancer cells. 

 The subset of miRs that did not change their expression in response to anti-ALK 

IgG treatment contained the same miRs that were readily detectable in the circulation of 

human and mouse and were mostly over expressed in cancer tissues.  The expressions of 

miRs 10, 21, 100, and 155 are shown by our data and others to be key in determining the 

identification of pancreatic cancer transformation and it was these miRs especially that 

exhibited no change in expression with anti-ALK IgG treatment.  The most likely 

explanation is that these miRs have no response element that is a target of anti-ALK IgG.  

As was seen in the analysis of Ras-Mapk activation in response to anti-ALK IgG 

treatment, there was a selective inhibition of only one part of the biological axis.  Mapk 

activation may be supported by an upstream stimulator independent of Ras and thus the 

total levels of Mapk activation will be unchanged when a specific target antagonist is 

applied.  MiRs are equally as redundant in their activation and regulation, and future 

experiments must be aimed at parsing out the fine mechanisms of action that may connect 

Alk, anti-ALK IgG treatment, and miR expression in response. 
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Chapter 5: Circulating Metabolites Offer a Non-Invasive Approach to the Diagnosis 

of Pancreatic Cancer and Reveal Altered Pathophysiology  

 

Results 
Circulating Metabolite Expression Profile Separates KrasG12D Mice from Wildtype.   
Identification of a circulating marker that can signal the onset of a disease such as 

pancreatic cancer in patients who have no outward clinical symptoms would be a great 

improvement for early diagnosis with the prospect of earlier treatment.  Advances in 

chromatographic technology have allowed the identification of metabolites to be 

measured in a variety of clinical specimen.  Metabolite concentration differences can be 

clues that point to the actions of aberrant enzymatic function or altered clearance 

mechanisms as the cause or consequence of disease. 

 We hypothesized that circulating metabolites in the serum of KrasG12D mice 

would have an expression profile that could distinguish between mice with PanIN or 

PDAC pathology and mice with no pancreatic disease.  We collected serum from 

KrasG12D mice 3-5 months old, 13-16 months old, and three cases of PDAC along with 

age matched wild type controls.  These three groups represented very different pancreatic 

pathology.  The 3-5 month old mice had mostly PanIN 1 and 2 lesions but no PanIN 3 

lesions.  The 13-16 month old mice had PanIN 3 lesions in about 10% of pancreatic ducts 

but no presence of PDAC (see Fig. 1 for representative quantitation of pancreatic ductal 

pathology in KrasG12D mice at certain ages).  All control mice had a completely normal 

pancreas.  Serum samples were precipitated of protein and were run on Ultra 

Performance Liquid Chromatography-Mass Spectroscopy Time of Flight (UPLC-
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MSTOF) in both the positive and negative mode.  Table 4 describes the age groups of 

mice whose serum was analyzed, their genotypes, and the pancreatic pathology present. 

 

Age Group Pancreatic Pathology of KrasG12D genotype N 

KrasG12D 18 3-5 months PanIN 1 and 2 

Wild type 41 

KrasG12D 14 13-16 months PanIN 2 and 3 

Wild type 17 

PDAC PDAC KrasG12D 3 

 

Table 4.  Pancreatic pathology of mice from which serum was analyzed for 
metabolomic profiling.  
 
Over 5000 peaks representing metabolites were detected.  The concentration levels of the 

metabolites were used in an unsupervised Random Forest analysis to determine if the 

expression patterns could separate KrasG12D mice from wild type mice at two different 

points in pancreatic cancer progression.  This type of unsupervised analysis considers the 

concentration level of each metabolite detected, in each individual mouse serum sample, 

and based on the overall concentration pattern of all metabolites measured attempted to 

assign each individual mouse to one of two groups.  Our first analysis attempted to 

separate 3-5 month old KrasG12D mice from 3-5 month old control mice.  Our second 

analysis attempted to separate 13-16 month old KrasG12D mice from 13-16 month old 

control mice.  Both analyses were performed in the positive and negative modes to detect 

metabolites of different ionic charges.   
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The degree of separation was evident by the distances between KrasG12D (red 

diamonds) individual mice and control (blue diamond) mice (Fig. 27).   Also important 

was that individuals of one group segregated closest to individuals of the same group (i.e. 

red diamonds were closest to red diamonds) signifying that the metabolite differences 

between individuals of the same group were as not as great as differences between 

individuals of the opposite group.  The accuracy of each analysis was measured by the 

percentage of mice correctly assigned to the group matching their true identity.  To 

display the accuracy, individuals of one group that were classified incorrectly as part of 

the other group (i.e. KrasG12D individual whose metabolite concentration pattern 

conferred on it ‘control’) were denoted by circles instead of diamonds. The metabolic 

profile detected in the positive mode separated the KrasG12D mice from control mice with 

high accuracy at both time points (70% and 74.1%).  The accuracy of separation in the 

negative mode was similar for both age groups as well (71.2% and 63.3%), although not 

as high as separation in the positive mode. 
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Figure 27. Separation of KrasG12D and control mice based on circulating metabolite 
concentration profile. 
KrasG12D and control mice at each time point were separated based on the measurement 
profile of over 5000 circulating metabolites in a Random Forest multivariate data 
analysis.  Blue diamonds are correctly grouped control mice and open blue circles are 
falsely grouped control mice.  Red diamonds are correctly grouped KrasG12D mice and 
open red circles are falsely grouped KrasG12D mice. 
 
As mentioned above over 5000 peaks representing different potential metabolites were 

measured among the KrasG12D and control mice. The metabolites that contributed the 

greatest power in separating the KrasG12D and control groups were organized in a heat 

map with varying colors representing the change in metabolite concentration among 

individual mice of the groups (Fig. 28).  The random forest algorithm ranked different 

metabolites based on their ability to separate individuals of either the KrasG12D  or control 
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mice group.  Some metabolites had a homogenous concentration among individuals of 

one group and acted as a positive identifier of the group.  Other metabolites were only 

present at measurable concentrations in one group and not the other.  Also, a differential 

concentration of one metabolite in one group compared to the other could help to 

distinguish the two groups from each other.  The combination of these differences 

analyzed collectively by the random forest approach supported the separation of the 

KrasG12D mice from control mice based on the concentration of metabolites detected in 

the serum. 

 
 

 
 
Figure 28.  Heat map displaying relative concentration differences of circulating 
metabolites among individual mice of KrasG12D and wildtype at 3-5 months and 13-
16 months of age in the positive mode.   
Right Y axes denote masses of metabolites.  X axes are mouse labels: red line = Kras and 
blue line = control. 
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Metabolite Concentrations Change in Mice with Early and Late PanIN and PDAC.  
The current data showed that a global analysis of circulating metabolites can identify 

mice with PanIN lesions from those with a normal pancreas and we have now begun the 

arduous task of confirming the identity of individual metabolites with the expectation of 

uncovering different biological processes that may be contributing to the initiation, 

maintenance, or progression of pancreatic cancer.  To confirm metabolite identity, 

selected metabolites of biological relevance or significant deviation among genotypes or 

time points were selected and will have their mass and retention time in UPLC-MSTOF 

compared to the mass and retention time of a pure sample of the substance at defined 

concentrations in a standard curve.  The metabolites initially selected for identify 

confirmation are shown in the graphs below with their concentration levels in the 3-5 

month, 13-16 month, and PDAC groups (Fig. 29-30). 
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Figure 29.  Metabolites identified in the positive mode that showed a difference in 
circulating levels among KrasG12D and control mice at different stages of PanIN 
progression and PDAC.  
Refer to Table 4 for the N of each group.  The average concentration of each metabolite 
among mice in that group are shown.  Bars represent the standard error of the mean.  
conc. = arbitrary concentration units. 
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Figure 30.  Metabolites identified in the negative mode that showed a difference in 
circulating levels among KrasG12D and control mice at different stages of PanIN 
progression and PDAC.  
Refer to Table 4 for the N of each group.  The average concentration of each metabolite 
among mice in that group are shown.  Bars represent the standard error of the mean. Y 
axes are in arbitrary concentration units 
 
 

 Uracil, uridine, and uridine 5’monophosphate (UMP) are all part of the uridine 

biosynthetic pathway to form the pyrimidine that binds to adenine in RNA molecules but 

is also a critical substrate in the synthesis of the two other pyrimidines, cytidine and 

thymine.  Uridine 5’diphosphosphate (UDP) is also an important conjugate of glucose 

during glycogenesis.  These data suggest that these metabolites have increased levels in 

KrasG12D mice at both the early and late time points.  Future investigation will be focused 
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on the key enzymes in the aforementioned pathways to determine a possible mechanism 

for increased uracil, uridine, and UMP in the circulation. 

 Cytidine was found to have higher circulating levels in 13-16 month old KrasG12D 

mice but not in 3-5 month old mice.  Cytidine is a necessary substrate for the synthesis of 

cytidine triphosphate, another pyrimidine that comprises nucleic acids and also a possible 

end product of de novo pyrimidine biosynthesis reactions that utilize uridine.  The 

possibility that these two sets of nucleic acid building blocks have altered circulation 

levels in concert with each other in the context of pancreatic cancer will be explored. 

 Citrate or isocitrate was detected in the negative mode and increased its 

concentration in the circulation of KrasG12D mice dramatically from 3-5 months to 13-16 

months with no concomitant increase in the control mice.  Isocitrate is a substrate of 

isocitrate dehydrogenase (IDH1), an important enzyme of the citric acid cycle and that 

has been identified as mutated in a percentage of gliobastomas (204, 205).  Isocitrate may 

also be useful as a marker for the identification of pancreatic cancer. 

Profile of Circulating Metabolites Can Separate Human Cancer Patients. 
  We next used human plasma samples in a similar metabolite identification approach to 

determine if circulating metabolites would provide a means for separation of different 

clinical cancer samples.  Circulating metabolites were measured with UPLC-MSTOF in 

plasma samples from five patients with pancreatic cancer, five patients with pancreatitis, 

and nine patients with colon cancer.  Principal component analysis of the measured 

metabolite peaks from all three clinical specimen groups (pancreatic cancer, pancreatic 

non-cancer, and colon cancer) indeed was successful at separating the three groups of 

different cancer pathology (Fig. 31).  Specimens from the two groups comprising 

cancers, pancreatic and colon, grouped more closely to each other than the non-cancers of 
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the pancreatitis group.  The variation among the groups was minimal, as all individual 

specimen grouped nearest to each other than to other specimen of a different pathology 

(with two exceptions). 

 

Figure 31.  Metabolite profile of human cancer patients can separate individuals 
according to disease. 
Circulating metabolites in the positive mode detected in patients with pancreatic cancer 
(triangles), non-cancerous pancreatic disease (“pancreas-non”-diamonds), and colon 
cancer (circles) could separate the plasma samples into their respective pathologies in an 
unsupervised principal component analysis. 
 

 As was done in the mouse samples, we are compiling a list of metabolites that are 

biologically relevant or significantly deviated among groups to confirm their identity and 

begin investigation into the origin of their differences among these clinical samples.  

Interestingly, isocitrate concentration was increased in pancreatic cancer patients and 

pancreatitis patients, but not in colon cancer patients (Fig. 32).  The increase of isocitrate 

concentration was greatest in the pancreatic cancer patients but still at a minimal level 

among pancreatitis patients.  This pattern was similar to the concentrations measured in 
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the mouse specimens, as earlier state PanIN lesions from mice 3-5 months old had 

isocitrate levels similar to control but the concentration rose dramatically when mice 

were 13-16 months old and harboring more severe PanIN 2 and 3 lesions. 

 

 
Figure 32.  Isocitrate 
concentrations detected 
in the negative mode in 
the plasma of humans 
with pancreatic cancer, 
pancreatitis, and colon 
cancer.  
Average isocitrate levels 
among individuals of 
each group are shown.  
Bars represent standard 
error of the mean.  conc. 
= arbitrary concentration 
units 
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Discussion 
 The early detection of pancreatic cancer with a minimally invasive procedure has 

been elusive for many patients, physicians, and scientists.  One of the easiest body 

compartments to monitor for possible cancer biomarkers is the blood which has the 

advantage of being easily drawn many times with minimal effort and can be stored and 

processed for chemical components.  Many different biomarkers have been identified in 

patients with pancreatic cancer in an effort to create a sensitive and specific assay to aid 

in early diagnosis similar to powerful serological tests for troponin levels after 

myocardial infarction or glucose levels during diabetes related loss of glucose 

homeostasis.  CA19-9 is an oncofetal antigen whose levels rise in patients with pancreatic 

cancer and that can be detected in the serum of such patients with a monoclonal antibody. 

(206, 207).  Unfortunately the circulating levels of CA19-9 and other potential 

biomarkers like Carcinoembryonic antigen-related cell adhesion molecule 1, MIC-1 and 

MUC-1 have not reached sufficient levels of sensitivity and specificity to identify 

pancreatic cancer patients from non-patients, including those with other cancers or 

pancreatitis (208).  Many different molecular species are differentially expressed in 

pancreatic tissues compared to normal tissues but often a simple assay for their presence 

is currently not available (209). 

 One of the most promising fields of biomarker molecules may be circulating 

miRNAs of which we have described in great detail in our experiments as having 

sufficient sensitivity and specificity to identify pancreatic cancer patients.  While the 

power of early and non-invasive diagnosis using miR technology is appealing, it is 

challenging to determine a biological mechanism for circulating miRNAs and how they 
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are related to the progression of pancreatic cancer.  Circulating miRs may be released 

from damaged cells or purposefully in order to signal to neighboring cells in a paracrine 

fashion.  This uncertainty of function is the focus of many laboratories and surely the 

knowledge of these processes will increase dramatically in the coming years. 

 Metabolomics is an emerging field of medical research that has the power to 

identify new biomarkers and provide insight into the origin of the molecule due to an 

altered metabolic pathway (210).  This is due to the fact that enzymes are responsible for 

thousands of reactions that are necessary to carry out the physiological actions of our 

bodies and alterations in their structure, function, or regulation can lead to a distinct 

change in the substrates or products.  The measurement of the substrates and products in 

biological specimen can provide clues to investigators searching for altered enzyme states 

that are related either causally or correlatively to disease states.  Isocitrate dehydrogenase 

1 (IDH1) gene was found mutated in over 70% of WHO grade II and III astrocytomas 

and oligodendrogliomas and in glioblasomas that developed from lower grade lesions 

(204, 205).  Metabolomic profiling of U87MG glioblastoma cells expressing these 

mutations in IDH1 determined the structural change of the mutated protein results in 

acquisition of the ability to convert α–ketoglutarate to R(-)-2-hydroxyglutarate (2HG) 

and that the accumulation of 2HG commonly seen in brain tumors may be a mechanism 

of cellular transformation by increasing reactive oxygen species (211). 

 We searched serological specimen for metabolomic differences among different 

mouse and human groups to determine if pancreatic cancer could be detected and that the 

identity of the metabolites could provide insight into altered enzyme function.  We found 

that concentration levels of thousands of detected metabolites in the serum of KrasG12D 
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and control mice could separate the two groups at an early and late time point where the 

percentage of PanIN lesions and PDAC are quite different.  Global proteomic profiling of 

serum specimen have limited utility in differentiating between pancreatic cancer and 

control samples (212, 213) but the technique has not reached its full diagnostic potential 

(214).  Similarly, focused identification of known pancreatic cancer drivers like K-Ras 

mutations in circulating genomic DNA could not identify the majority of pancreatic 

cancer patients from controls (215, 216).  We were excited to see that the global analysis 

of circulating metabolites among mice and humans with pancreatic transformative 

changes could identify the different samples by pathology and we will be experimenting 

further with singular metabolites to determine their diagnostic capabilities alone and to 

uncover their connection to altered enzyme function or regulation at the tissue level. 

 Currently no known mutation of isocitrate dehydrogenase has been found in 

pancreatic cancers similar to the glioma correlated mutations described above (217).  

Isocitrate dehydrogenase 3 beta, a single subunit of the NAD+ dependent isocitrate 

dehydrogenase 3 enzyme was over expressed in skeletal muscle cells treated with 

conditioned media from pancreatic cancer cells highlighting the metabolic changes 

present in cancer cells and how they can affect the glucose homeostasis of surrounding 

tissue (218).  It was determined that the activity of citrate synthetase was increased in 

pancreatic cancer cells in comparison to adjacent normal tissue (219).  This finding may 

be significant as citrate and isocitrate are isomers and future validation of the chemical 

structure via mass spectrometry will help determine the form elevated in pancreatic 

cancer patients.  Future experiments will be aimed at defining the expression and activity 
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of IDH in pancreatic cancer to determine the origin of altered citrate or isocitrate 

concentrations in the circulation that we have observed. 

We observed a rise in the serum concentration of cytidine and uridine in KrasG12D 

mice and we hypothesize this is the result of an increased rate of cell division occurring 

in the pancreas.  Increased cell division of tumor cells requires them to synthesize more 

nucleic acids.  Tumor cells often have increase expression of uridine kinase and uridine 

phosphorylase to accommodate their increased demands for DNA and RNA (220).  

Nucleotide analog chemotherapy was designed to exploit the increased activity of such 

enzymes. The mechanism of the highly efficacious drug 5-fluorouracil depends on the 

enzymes of uridine phosphorylase and uridine kinase for activation (221).  

Polymorphisms of uridine kinase can affect the response of the cell to 5-fluorouracil 

treatment (222).  Uridine kinase is the enzyme responsible for de novo synthesis of 

uridine 5’-monophosphate (UMP) from glycine (223) and its levels were increased in 

human and rat liver cancers.  A metabolic approach to pancreatic cancer suggested that 

tumor tissues exhibited an over stimulation of glucose utilization resulting in purine and 

pyrimidine synthesis at the expense of fatty acid or amine synthesis (224).  Identification 

of circulating uridine metabolites can help to identify patients who may respond best to 

targeted enzyme therapy and be able to monitor the efficacy of treatment via serial 

measurements during a treatment course. 
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Chapter 6: Future Directions 

 

 Our pre-clinical studies show that anti-ALK IgG can be a promising new 

treatment and diagnostic tool in pancreatic cancer.  This would be a welcomed reagent to 

a field that has been plagued by unsuccessful treatment options for a long time.  The 

future of medicine will be forged on the anvil of the immense molecular knowledge 

scientists and physicians have obtained since the field of molecular biology was born.  

Chemicals and biologicals designed to interact with specific genes or proteins based on 

experiments in animal models that mimic human disease will be the norm for drug 

discovery, which can be argued is already true today.  Furthermore, the relative ease and 

accuracy in which new models and drugs can be designed and tested against their 

molecular aspects will allow for greater experimentation with dosage, side effects, and 

combination treatments.  There is also growing power in high throughput screening and 

powerful mathematical modeling to help analyze complex results. 

 The body of research I present now utilized aspects of all that I have just 

mentioned and future experiments would dig deeper into their respective potentials. The 

dependence of pancreatic cancer on the presence and activation of ALK can be further 

explored.  One approach would be to utilize the transgenic mouse strains available to 

engineer a strain of mice without Alk function in the pancreas.  Mice with homozygous 

deletions of Alk have behavioral deficits as a result of increased basal dopaminergic 

signaling in the frontal cortex and basal hippocamal progenitor proliferation (125).  No 

other abnormal pathophysiology was noted.  These mice could be mated with KrasG12D 

mice resulting in a transgenic strain that would develop PanIN lesion progression but 
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without the background function of Alk expression.  Based on our biological inhibition of 

the Alk receptor in KrasG12D mice with anti-ALK IgG we would expect Alk knockout 

mice to develop PanIN lesions with a decreased latency than control KrasG12D mice with 

wildtype Alk expression.  It would be interesting whether loss of Alk expression would 

affect earlier stage PanIN lesion progression such as PanIN 1 and 2 as these lesions were 

not affected by treatment with anti-ALK IgG and developed in equal proportions in anti-

ALK IgG and saline control treated mice.  Perhaps Alk function in the development of 

PanIN lesions and pancreatic cancer is not critical until the later stages of PanIN 

progression, such as when PanIN 3 progresses to PDAC.  Treatment of KrasG12D mice 

with anti-ALK IgG was most effective at preventing the incidence of PDAC and 

metastasis.   

Using a more complex transgenic mouse approach, inhibition of Alk could be 

temporally controlled using a pancreatic tissue specific tetracycline inducible promoter.  

In this model Alk expression would be under the control of a tetracycline responsive 

promoter element (TRE) in all cells of one mouse strain.  This strain would be mated to 

mice with a tetracycline transactivator protein (tTA) under the control of a pancreatic 

tissue specific promoter such as pdx1.  In resulting progeny, Alk expression would be 

uninterrupted until the introduction of tetracycline into the mice via their food or water.  

Tetracycline inactivates the tetracycline transactivator protein, prevents its binding to the 

TRE controlling Alk, and results in the loss of Alk expression in the pancreas.  The 

advantage to this strategy would be the timed inhibition of Alk expression in the pancreas 

to answer the question when Alk expression is most needed for the progression of PanIN 

lesions and PDAC development.  Hypothetically, pdx1-tTA/TRE-Alk mice mated to p48-
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cre/LSL-KrasG12D mice would produce progeny that would develop PanIN lesions of 

increasing severity with age and express Alk until tetracycline was administered.  We 

would expect that inhibition of Alk expression during the time period when PanIN 3 

lesions are progressing to PDAC and subsequent metastasis would result in the greatest 

abrogation of the development of these specific lesions, matching the data we have 

already generated by the biological inhibition of Alk with anti-ALK IgG treatment at this 

time.  If Alk expression is most important during development of PanIN 3 and PDAC and 

therapeutic targeting or genetic deletion of Alk at this time is the most effective approach 

for the decreased incidence of these lesions, then the utility of translating this finding to 

the treatment of human pancreatic cancer patients would be very useful.  Most patients 

present with pancreatic cancer that is already advanced and possibly metastatic.  

Confirmation that Alk expression is most important during the time period when most 

patients present with this disease would offer the opportunity to target a molecule that is 

temporally and spatially expressed very specifically during the most severe stages of 

pancreatic cancer.  Treatment of patients when pancreatic cancer appears or is very near 

to appearance (PanIN 3) is more favorable than treating patients in a chemopreventive 

nature, such as when PanIN 1 or PanIN 2 are only present.  Current evidence suggests 

that treatment at this time would not be beneficial.  Upon autopsy, many humans are 

discovered to have PanIN 1 and 2 lesions in their otherwise normal pancreas (44).  These 

patients did not die of pancreatic cancer and chemopreventive treatment with an agent 

such as anti-ALK IgG would be unnecessary.  Our treatment of KrasG12D mice with early 

stage PanIN lesions also showed that inhibition of Alk at this early stage had no benefit 

as well.  Therefore, treatment of Alk during PanIN 3 and PDAC development, when Alk 
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is most critical to the development of these lesions, would provide a small treatment 

window to patients who are most likely to benefit. 

 We have already begun experiments in vitro to determine the dependence of ALK 

function in pancreatic cancer.  Short hairpin RNA (shRNA) molecules will degrade 

mRNA and are used as tools to selectively inhibit the expression of a gene when 

introduced into a cell.  When shRNA targeting Alk was introduced into Kras tumor cells 

via a lentiviral vector, we saw a near 50% decrease in Alk mRNA expression by RT-PCR.  

Preliminary experiments showed that these cells had no change in their proliferation rate 

compared to cells infected with shRNA targeting a non-specific gene (green fluorescent 

protein) or viral vehicle control.  The next series of experiments would be to test the 

induction of apoptosis in cells depleted of Alk mRNA.  As in the KrasG12D mice treated 

with anti-ALK IgG, we saw no change in cell proliferation but an increase in apoptosis in 

mice treated with anti-ALK IgG compared to control.  We would expect cells depleted of 

Alk mRNA to have an increase in apoptosis compared to control and treatment of these 

cells with anti-ALK IgG to have no effect.  We would also like to perform these 

experiments on human pancreatic cancer cells lines such as COLO357 to further confirm 

the dependence of pancreatic cancer on ALK function. 

The use of anti-ALK IgG to inhibit ALK receptor function has an apoptosis 

inducing effect in pancreatic cancer.  We currently have tools available to also block 

PTN, the ligand of ALK, from activating the receptor.  Anti-PTN IgG antibodies were 

generated in the same developmental approach as anti-ALK IgG.  Treatment with anti-

PTN IgG would be expected to have a similar effect in pancreatic cancer.  PTN is a 

soluble growth factor that can act in an autocrine or paracrine manner and it would be 
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interesting to see from what compartment of the pancreas it originates from, what cells 

are targeted, and how its inhibition would affect the development of PanIN lesions.  One 

possibility is that anti-PTN IgG would inhibit PTN dependent angiogenesis resulting in 

less vascularity of pancreatic cancer.  Other PTN dependent mechanisms of cancer 

promotion like increased cell proliferation or the evasion of apoptosis would be expected 

to be decreased during treatment with anti-PTN IgG.  Preliminary in vitro experiments 

showed that treatment of COLO357 cells with anti-PTN IgG resulted in decreased cell 

proliferation compared to control.  A combination treatment of anti-ALK IgG with anti-

PTN IgG may result in the induction of apoptosis and decrease in cell proliferation due to 

each antibody respectively.  Targeting two mechanisms that pancreatic cancer cells rely 

on for progression by the inhibition of the PTN-ALK ligand receptor axis may well prove 

to be an effective method of treatment. 

Investigating the intracellular mediators that are activated upon ALK activation is 

important to understand the signaling biology that is occurring in pancreatic cancer.  We 

focused on two pathways that have been shown in repeated studies to be activated upon 

ALK stimulation: the STAT3 pathway and RAS-MAPK pathway. 

STAT3 activation can occur upon phosphorylation directly by an upstream 

tyrosine kinase or by phosphorylation from the JAK adapter molecules.  Both direct 

phosphorylation of STAT3 (225-227) and indirect activation of STAT3 via the JAK 

molecules (225-227) have been reported upon the activation of ALK.  Our findings that 

Alk inhibition with anti-ALK IgG treatment both in KrasG12D mice and in Kras tumor 

cells supports that the Alk-Stat3 pathways may be one of the principal axes of 

transformation used by pancreatic cancer cells.  The best evidence we provide to support 
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the hypothesis that Alk directly phosphorylates Stat3 is the reduction of Stat3 

phosphorylation in Kras tumor cells treated with anti-ALK IgG.  The basal level of Stat3 

phosphorylation in Kras tumor cells was low at 24 h.  When these cells were treated with 

anti-ALK IgG for 24 h the level of Stat3 phosphorylation and the total levels of Stat3 

decreased.  The reduction of Stat3 would lead to the loss of its pro-survival signaling and 

the induction of apoptosis.  We measured an increase of apoptosis in Kras tumor cells 

treated with anti-ALK Ig at 24 h and 48 h but the differences were not statistically 

significant.  A more prolonged treatment with anti-ALK IgG may have been necessary.  

The possibility of combination treatment of pancreatic cancer with anti-ALK IgG and 

STAT3 inhibitors is likely to be a promising one.  Often single agent targeting results in 

the acquisition of tumor cell resistance by a variety of mechanisms, including 

compensatory activation of other parts of the signaling pathway.  The dual targeting of 

ALK and STAT3 or triple targeting with the addition PTN inhibition may be useful to 

combat tumor cell sensitivity to single agent treatment as the entire pathway from ligand 

to intracellular mediator can be targeted.  Also, in the era of personalized medicine that is 

approaching, the molecular identity of cancer is becoming a critical piece of diagnostic 

information that helps to determine the most effective treatment strategies.  While we do 

not have evidence to claim the percentage of pancreatic cancers that rely on PTN-ALK-

STAT3 activation, it is safe to assume that when the expression of these proteins is 

strongly present the treatment with targeted inhibitory agents will be beneficial. 

The majority of the data in vivo suggests that the response to anti-ALK IgG is 

most robust after a prolonged treatment.  Kras tumor cell allografts in nude mice treated 

with anti-ALK IgG only began to reduce in size in after two weeks of treatment.  Also, 
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treatment of KrasG12D mice with anti-ALK IgG at 16 months showed the most impressive 

decreases in Stat3 activation and statistically significant differences in the induction of 

apoptosis.  The treatment of Kras tumor cells and COLO357 cells at times of 24 h and 48 

h showed more modest increases in apoptosis and signaling alteration.  Explanations for 

these results take into account the different possible mechanisms of anti-ALK IgG on the 

inhibition of ALK activation.  One proposed mechanism is that anti-ALK IgG prevents 

the binding of PTN resulting in less ALK signaling and STAT3 activation leading to an 

induction of apoptosis.  The amount of PTN available to cancer cells may be increased in 

live animals.  PTN is a secreted growth factor that can act in an autocrine or paracrine 

manner.  KrasG12D mice have intact stroma that can provide an additional source of PTN 

that is not available to Kras tumor cells growing in vitro.  It is possible that the 

stimulation for pancreatic cancer cell proliferation and survival is primarily driven by 

PTN that originates in the stroma that will then activate ALK expressed in epithelial 

cells.  Therefore anti-ALK IgG treatment may only be effective in contexts of increased 

PTN stimulation.  When we treated Kras tumor cells with anti-ALK IgG to block PTN 

ligand binding sites and added exogenous PTN, there was no change in Akt activation 

and Stat3 was below detection.  Ideally this type of experiment would be repeated with 

pancreatic cancer cells that rely on PTN autocrine activation.  The lack of adequate PTN 

stimulation may also be a reason for a decreased response of Kras tumor cell allografts in 

nude mice to treatment with anti-ALK IgG.  In vitro these cells did not have a robust 

response to anti-ALK IgG and the results were similar in the allografted Kras tumor cells.  

Again, if these cells rely on paracrine activation of stromally derived PTN in order to be 
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most responsive to anti-ALK IgG then this experiment suggests the source of PTN is not 

from the Kras tumor cells themselves.  

An alternate mechanism of anti-ALK IgG involves the ability of the antibody to 

recruit the immune system to help with the induction of apoptosis in tumor cells.  

KrasG12D mice have intact immune systems.  Mice of 16 months of age when treated with 

anti-ALK IgG showed the greatest response compared to other experiments.  Anti-ALK 

IgG when injected into the mouse may have activated the immune system, notably 

natural killer (NK) cells.  NK cells  are derived from the lymphoid linage of immune 

stem cells.  They have a unique function in the immune system.  Like T and B cell 

lymphocytes they are acutely responsive to cytokines and antigen presentation that are 

present during infectious or other stresses.  Unlike T and B cells they have functions that 

allow them to act independently of the other lymphoid cells.  One of the principal 

responsibilities of NK cells is to monitor for entities in the organism that lack a major 

histocompatability (MHC) receptor.  The presence of an MHC receptor signals to the 

immune system, and most notably NK cells, that the cell is part of the host organism and 

not foreign.  Usually viruses or immature cells lack these receptors.  Infected or damaged 

cells may also lose their MHC receptors.  Cells or foreign agents in the organism are 

under constant surveillance by NK cells for the presence or absence of MHC receptors.  

When NK cells identify cells or foreign agents without MHC receptors, NK cells are 

activated to kill these entities.  Tumor cells often lack MHC receptors and can be directly 

targeted by NK cells. 

As mentioned above NK cells can be activated by direct interaction with a cell 

lacking an MHC receptor.  However, NK cells can also be activated by binding to the Fc 
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portion of an antibody that has bound its Fv portion to a foreign antigen.  The antibody 

forms a bridge between the cell expressing the foreign antigen and the NK cells.  

Activation of the NK cell leads to destruction of the foreign cell.  This process is called 

antibody dependent cellular cytotoxicity (ADCC) and has been investigated as a possible 

mechanism for many antibody related therapies.  In cancer biology, it is hypothesized 

that tumor cells will express foreign antigens that can be targeted by antibodies which can 

then recruit NK cells to attack the tumor cells via ADCC.  We investigated this possible 

mechanism of cell death in KrasG12D mice treated with anti-ALK IgG.  KrasG12D mice that 

were part of the 16 month prospective treatment study treated for six weeks with anti-

ALK IgG or saline control were investigated for the presence of NK cells in their 

pancreas and spleen at the completion of treatment.  Pancreatic or splenic tissue was 

removed from the mice and made into a single cell suspension that was surveyed by flow 

cytometric analysis for the presence of different cell surface antigens specific for NK 

cells.  NK cells have cell surface expression of CD49b and lack expression of CD3.  We 

found an increase of CD3-/CD49b+ cells in the pancreas of KrasG12D mice treated with 

anti-ALK IgG compared to control treated mice (Fig. 33).  The amount of CD3-/CD49b+ 

cells present in the spleen of anti-ALK IgG or control treated mice was similar, indicating 

that the recruitment of NK cells to the pancreas could be due to anti-ALK IgG binding to 

the Alk receptor of pancreatic cells. 
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Figure 33.  Anti-ALK IgG treatment recruited NK cells to the pancreas of KrasG12D 
mice.   
Representative flow cytometric  scatter plots show the proportion of CD3-/CD49b+ cells 
present in the pancreas and spleen of KrasG12D mice treated with anti-ALK IgG or saline 
control.  Bottom graphs show the percentage of CD3-/CD49b+ cells present in each organ.  
There was an increase of CD3-/CD49b+ cells in the pancreas of mice treated with anti-
ALK IgG compared to control and this difference was not seen in the spleen. 
 

The recruitment of NK cells to the organ where Alk is expressed and where anti-

ALK IgG will bind suggests that ADCC may be an important mechanism of action of 

anti-ALK IgG treatment.  To directly measure the ability of anti-ALK IgG to mediate 

ADCC with the cooperation of NK cells, in vitro experiments that measure NK cell 

cytotoxicity can be performed where radioactively labeled chromium is measured as a 

surrogate readout of cell lysis due to NK cell action.  Human pancreatic cancer cells or 

Kras tumor cells incubated with NK cells and treated with anti-ALK IgG would be 

expected to be lysed more effectively than cells incubated with NK cells and not treated 

with anti-ALK IgG.  The immune response is very robust in pancreatic cancer (228) and 
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was found to include the recruitment of T regulatory cells and myeloid derived 

suppressor cells that work to negate the effectiveness of the immune system of the host to 

protect against tumor cells.  Treatment with anti-ALK IgG may be effective at restoring 

the effectiveness of the immune system to target and kill tumor cells. 

Anti-ALK IgG is a mouse monoclonal antibody than can bind both the mouse and 

human ALK receptor.  Humanizing this antibody would be the next step in making anti-

ALK IgG a possible therapeutic for human pancreatic cancer.  Our extensive pre-clinical 

data support the claim that the use of an agent that inhibits ALK function may provide a 

therapeutic benefit to patients with pancreatic cancer.  Our experiments show that the 

treatment of late stage precursor lesions, such as PanIN 3, or the treatment of established 

tumors, as shown in the growth delay of Kras tumor allografts, suggests that anti-ALK 

IgG treatment can be effective if given to pancreatic cancer patients with already 

established disease.  Most patients present with pancreatic cancer this is sufficiently well 

advanced.  Treatment with anti-ALK IgG at this time would provide the greatest benefit.  

We have yet to determine if anti-ALK IgG has any effect on already established 

metastatic lesions.  Our data show that anti-ALK IgG may prevent metastasis.  Future 

experiments using in vivo metastatic models can help to prove the effectiveness of anti-

ALK IgG treatment.  For example, pancreatic cancer cells implanted orthotopically into 

the pancreas of mice may metastasize to the liver or spleen.  Treatment with anti-ALK 

IgG would be expected to limit this event. 

 As mentioned above the treatment with anti-ALK IgG is most effective in the 

KrasG12D mice when they have developed PanIN 3 lesions in their pancreas.  Mice treated 

with anti-ALK IgG whose pancreas contained mostly PanIN 1 or PanIN 2 lesions did not 
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respond any differently than control treated mice.  This suggests that a therapeutic 

window for optimal anti-ALK IgG treatment exists at the most critical time of pancreatic 

cancer progression.  The increase in apoptosis seen in KrasG12D mice treated with anti-

ALK IgG at this time suggests that anti-ALK IgG is not preventing the progression of 

PanIN 3 cells to PDAC but instead targeting them for cell death.  Also Kras tumor cell 

allografts that represent a fully developed pancreatic tumor responded with increased 

apoptosis in mice treated with anti-ALK IgG.  This makes difference in how anti-ALK 

IgG would be administered to patients with pancreatic cancer.  Instead of being a 

chemotherapeutic agent that must be administered before pancreatic cancer develops and 

the pancreas contains mostly precursor lesions, anti-ALK IgG can be given to patients 

with pancreatic tumors that are already established 

Anti-ALK IgG treatment would be most beneficial if patients could be treated 

when their pancreas is known to harbor PanIN 3 lesions as this would be a small enough 

window where extensive chemopreventative or neoadjuvant therapy would be 

advantageous and practical.  MiRs hold incredible promise to be early detection markers 

that are easily surveyed in a non-invasive manner.  Our data show that in KrasG12D mice a 

specific miR expression signature is present when PanIN 3 lesions constitute a percentage 

of precursor lesions in the pancreas.  Early detection for breast cancer and prostate cancer 

have been helpful approaches to improving patient outcomes because once the cancer is 

detected there are treatments available that can in fact be curative, whether they include 

massive surgery or focused chemotherapy.  However, the early detection of pancreatic 

cancer would not be of much use if a treatment whose efficacy increased with early 

administration could be offered.  The combination of early detection of precursor lesions 
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of pancreatic cancer through the detection of miRs in the circulation coupled with 

treatment with anti-ALK IgG can be a combination that may finally improve outcomes of 

patients with pancreatic cancer.  Future experiments would take this one step further, and 

use the ability to measure miRs in patients with disease to detect not only their pathology, 

but also any response to treatment through serial measurements during a treatment 

course.  This information could help physicians determine efficacy, possibility of a 

beneficial clinical response, or correct dosing.  In a future experiment with the models of 

this thesis, KrasG12D mice would be treated with anti-ALK IgG and their circulating miR 

profile would be assessed for changes before and after treatment and if this change occurs 

in the context of an anti-ALK IgG mediated response. 

 Truly, if the last century was defined by advances in physics, the 21st century will 

undoubtedly be defined by the advances made in medicine and biology, which will lead 

us to more personalized and safer treatments while our understanding of how these 

processes work in our bodies and cells will become even more clear. 
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Appendix 1: Treatment of Breast Cancer with Anti-ALK IgG 

 

Results 
 

Alk is Expressed in Breast Cancer Tissue and anti-ALK IgG Changes Breast Cancer 
Cell Phenotype with Treatment.   
We could detect Alk mRNA highly expressed in tissues of breast cancer from an MMTV-

HER2/Neu transgenic mouse model (Figure A1).  In this model, mice develop breast 

cancer due to the constant expression of the well-known breast oncoprotein Her2/Neu 

driven by a mammary gland specific MMTV promoter. 

 

Figure A1.  Alk mRNA was highly expressed in infiltrating breast cancer tissue of  
MMTV-HER2/Neu tumors. 
Arrow points to areas of high Alk expression that is not seen in the sense probed tissue.  
Bar = 0.1 mm. 

 

MDA MB 231 cells are a human breast cancer cell line that express ALK.  We devised a 

series of experiment to determine if anti-ALK IgG could effect these cells by targeting 

ALK.  MDA MB 231 cells are characteristically very aggressive and we hypothesized 

that anti-ALK IgG could prevent a phenotypic change towards metastasis by measuring 

the ability of cultured cells to attach to a plastic surface during treatment.  Cells were 
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mixed with increasing concentrations of anti-ALK IgG or comparable IgG controls in 

growth media and allowed to attach to a culture surface.  Purified anti-ALK IgG had the 

greatest success in preventing MDA MB 231 cells from attaching (Figure A2). 

 
 
 
 
 
Figure A2.  Fewer MDA MB 231 cells 
treated with unpurified and purified anti-
ALK IgG attached to a plastic surface than 
cells treated with anti-ALK IgG vehicle or 
control mouse IgG antibodies. 
  

  

 

 

Qdot Conjugated anti-ALK IgG Homed to Tumor Xenografts. 
  To demonstrate the homing ability of anti-ALK IgG to MDA MB 231 cells, a Qdot 

conjugated aliquot of anti-ALK IgG was injected IV into nude mice with xenografts of 

the cells.  Mice injected with anti-ALK IgG Qdot showed a concentration of fluorescent  

signal in the tumor mass areas.  We were interested in the half-life of the anti-ALK IgG 

Qdot when injected into mice as this would help determine future dosing regiments in 

prospective treatment studies.  Mice were injected IV with anti-ALK IgG Qdot and the 

fluorescent signal concentrated over MDA MB 231 xenografts was measured over a 

period of 10 days.  For the majority of the mice injected, the fluorescent signal was 

strongest 48 – 96 h after injection (Figure A3). 
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Figure A3.  Anti-ALK IgG Qdot homes to MDA 
MB 231 cell xenografts. 
Anti-ALK IgG Qdot (green) had a maximum signal 
in MDA MB 231 xenografts at 24 and 48 h when 
injected IV.  Shown are representative images of the 
antibody fluorescent signal in one mouse.  The graph 
shows the total fluorescent signal of anti-ALK IgG 
Qdot in the tumor areas over a period of 10 days.  
Shown are the average total fluorescent signals in the 
tumor area.  N = 4 tumors.  Bars represent the 
standard error of the mean. 

 

 

Anti-ALK IgG Treatment Induced Necrosis in Tumor Xenografts. 
 We hypothesized that anti-ALK IgG would have a therapeutic benefit to mice with MDA 

MB 231 cells based on the in vitro prevention of cell attachment and the ability of anti-

ALK IgG to home effectively to established MDA MB 231 xenografts.  MDA MB 231 

cells were established as tumor xenografts in nude mice that were treated with anti-ALK 

IgG or saline control IP three times per week.  Over a period of 50 days the tumor sizes 
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of treated and untreated mice did not differ.  However, MDA MB 231 xenografts in mice 

treated with anti-ALK IgG had a more rapid time until visible necrosis was seen through 

the overlying skin and into the tumor mass, suggesting a treatment mediated effect to 

induce necrosis (Figure A4). 

 

 

Figure A4.  Anti-ALK IgG treatment induced tumor necrosis in MDA MB 231 cell 
xenografts. 
  Athymic nude mice with  MDA MB 231 xenografts were treated with anti-ALK IgG or 
saline control IP.  Tumors of mice treated with the antibody underwent necrosis more 
quickly than control.  Shown are representative photos of tumors from different mice in 
each group, on day 46.  Right, Kaplan-Meier Log Rank curve showing time until necrosis 
first appeared in mice of each group.  N = 17 tumors for anti-ALK IgG and n = 14 tumors 
for saline control. 
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Discussion 
Many women today continue to struggle with breast cancer.  It is the most 

prevalent form of non-skin cancer and is second to lung cancer in the cause of death 

among women with cancer.  Despite basic and clinical research being performed at 

incredible rates, there is still much to be discovered in topics ranging from basic breast 

cancer biology to safe, efficacious treatments. 

One field of breast cancer biology that has certainly reaped the benefits of well-

funded research programs pertains to the interactions of growth factors and their 

receptors during the transformation of normal cells to malignant cells.  We now have the 

knowledge and tools to identify, determine the expression of, and ultimately target with 

specific therapies growth factors which are correlated with worse prognosis or oppositely, 

with more sensitivity to drug therapy.  The development of trastuzumab (Herceptin) to 

specifically target the HER2/NEU receptor is an excellent example of this ‘lab-bench to 

bedside’ paradigm of therapy discovery (229-231). 

As in the pancreas, the expression of PTN, the ligand for ALK, is high in breast 

cancer. PTN expression was increased in invasive breast tissue versus normal epithelium, 

and the expression of PTN in patients predicted a poorer prognosis (99).  Other groups 

have also reported the pro-tumorigenic properties of PTN in breast tissue.  A dominant 

negative PTN construct introduced into MDA MB 231 cells was able to prevent 

proliferation and tumor formation in mice (100).  In addition, PTN overexpressed in 

MCF-7 cells was sufficient to cause the cells to form tumors when injected into mice 

(101). 
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In an Oncomine search that analyzes microarray expression data from a public 

database we found the levels of ALK in breast tissue and breast cancer were increased and 

associated with PTN expression.  The odds ratio of ALK expression was increased 13-fold 

in breast tissues with malignant transformation compared to normal tissues.  In addition, 

PTN and ALK were overexpressed together in invasive breast tissues, where we found 

significantly increased ALK expression in breast tissue of patients 1) who died with breast 

carcinoma and 2) those who relapsed compared to those who were cancer free.  Targeting 

ALK in breast cancer may be another promising approach to a disease whose patients are 

also desperate for better clinical outcomes. 
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