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A	Poem	About	the	Pancreas1

Even	if	you	open	up	a	practice
on	Harley	Street
no	patient	will	come	in	with	complaints	
about	his	pancreas:
“I	think	it’s	my	pancreas,	Doc!”	
–	unless	he’s	a	fellow	professional	
also	educated	
out	of	his	natural	mind;	few	patients
will	be	alarmed	by	the	word	–	how	unlike
“the	heart”	
a	word	that	means	“the	biscuit”
to	the	best	of	us.

Years	from	now
when	you	trundle	in	
thin	and	yellow,	depressed,
for	abdominal	films,
you	too	will	have	forgotten
your	pancreas;	and	the	news	“It’s	cancer
of	the	pancreas”	will	hit
like	an	old	family	secret	you	knew	all	along;
“I’m	sorry,	but	it’s	cancer
of	the	sweetbread!”
“Not	the	sweetbread!”	–	“Yes,
and,	with	proper	medical	management
early	surgery
and	a	very	rigid	diet,
you	can	look	forward	to	at	least
another	three	months”;	when	the	pancreas	goes
it	goes.

Those	among	us	who	are	diabetic
whom	the	pancreas	torments
by	degrees
cannot	describe	that	Familiar;	even	a	poet
is	at	a	loss	for	a	metaphor;
nothing	short	of	a	surgical	exploration
will	unearth
the	thick	spongy	worm
buried	deep	in	the	viscera
silent	behind	its	curtain	of	peritoneum;
–	with	a	head,	a	body,
and	a	tail,
using	the	man’s	face.

1.	Charach	R.	Poetry.	N	Eng	J	Med.	1979;301:508.
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ABSTRACT

Pancreatic cancer is an almost universally lethal disease. Research over the last two 

decades has shown that pancreatic cancer is fundamentally a genetic disease, caused 

by inherited germline and acquired somatic mutations in cancer-associated genes. It 

has uncovered multiple alterations in genes that are important in pancreatic cancer 

progression, like tumor-suppressor genes, oncogenes, and genome-maintenance 

genes. Furthermore, identifying precursor lesions within pancreatic ducts has led to  

the formulation of a progression model of pancreatic cancer and subsequent 

identification of early- and late-changes leading to invasive cancer. In addition, an 

increased understanding of the molecular basis of the disease has provided the 

identification of new drug targets enabling rational drug design. It is hoped for the  

future that the understanding of genetic alterations in combination with the 

development of high-throughput sensitive techniques will lead to the rapid discovery of 

novel effective biomarkers. This review focuses mainly on the current knowledge about 

the molecular insights of the pathogenesis of pancreatic ductal adenocarcinoma.

Epidemiology

Pancreatic cancer is a disease with a dismal outlook. In the United States approximately 

33,000 patients are diagnosed with pancreatic cancer annually, and nearly an equal 

number will die from the disease, representing the fourth most common cause 

of cancer related mortality. Men and woman have an approximately equal risk1. 

Worldwide pancreatic cancer causes an estimated 213,000 deaths each year2. For all 

stages combined, the 1-year survival rate is around 20%, and the overall 5-year survival 

rate is less than 5%, despite even the most aggressive therapies currently available1. 

Complete surgical resection remains the only curative treatment. Studies from high-

volume centers with optimal staging report up to a 15%-20% 5-year survival rate 

in patients undergoing surgical resection3,4. The mortality rate is so high because 

pancreatic cancer usually only produces symptoms when it has already metastasized, 

and because there are no sensitive and specific tools to detect the disease at an 

earlier stage. Although multiple histological subtypes of pancreatic cancer have been  

described, the most common and deadliest form is pancreatic ductal adenocarcinoma5. 

Novel approaches to the management of patients with this aggressive disease are 

urgently needed.

Research over the last two decades has shown that pancreatic cancer is fundamentally 

a genetic disease, caused by inherited germline and acquired somatic mutations in 

cancer-associated genes. It contains specific alterations in tumor-suppressor genes, 

oncogenes, and genome-maintenance genes that are important in pancreatic cancer 

progression. This review focuses mainly on the current knowledge about the molecular 

insights elucidating pancreatic ductal adenocarcinogenesis.

Tumor-suppressor genes

Tumor-suppressor genes are genes that promote tumor growth when inactivated. 

Tumor-suppressor genes are recessive, i.e. the two copies need to be mutated for 

loss of function, and they can be inactivated by a variety of mechanisms. First, by 

an intragenic mutation in one allele (copy of a gene) coupled with loss of the second 

allele; second, through a deletion of both alleles (homozygous deletion); and third, by 

hypermethylation of the promoter of the gene silencing gene expression. In sporadic 

cancers these alterations are all somatic mutations acquired during life, while patients 

with inherited forms of cancer inherit one mutant allele in the germline while the 

second allele is somatically mutated later in life.

The p16INK4A/CDKN2A gene located on the short arm of chromosome 9 (9p), is one 

of the most frequently inactivated tumor-suppressor genes in pancreatic cancer6. 

Remarkably, virtually all pancreatic carcinomas have loss of p16INK4A/CDKN2A function, 

in 40% of pancreatic cancer through homozygous deletion, in 40% by an intragenic 

mutation coupled with loss of the second allele, and in 15% by hypermethylation of the 

p16INK4A/CDKN2A gene promoter6,7. The protein p16 belongs to the cyclin-dependent 

kinase (CDK) inhibitor family and functions to prevent the phosphorylation of Rb-1 by 

cyclin-dependent kinases, and cyclin D-Cdk4 and Cyclin D-Cdk6 complexes, which 

act as cell-cycle regulators8,9. Loss of p16INK4A/CDKN2A results in inappropriate 

phosphorylation of Rb-1, thereby facilitating progression of the cell cycle through 

the G1/S transition10. Thus, the p16/Rb pathway is inactivated in virtually all pancreatic 

cancers, leading to an inappropriate progression through the G1 phase of the cell 

cycle.

Of note, in a small group of patients, inherited mutations of the p16INK4A/CDKN2A 

gene cause the Familial Atypical Multiple Mole Melanoma (FAMM) syndrome, which 

is associated with an increased risk of developing melanoma and an increased risk of 

developing pancreatic cancer11,12. Particularly, the p16 Leiden deletion, a 19 bp deletion, 

is associated with an increased pancreatic cancer risk13.

In addition, the homozygous deletions, which inactivate p16, can encompass 

adjacent genes, including the MTAP, IFNA1 and IFNB1 genes14,15. The MTAP gene is 

located approximately 100 kilo bases telomeric to the p16INK4A/CDKN2A gene on 

chromosome 9p21, and is frequently contained in the p16INK4A/CDKN2A homozygous 

deletions. As a result, MTAP function is completely lost in approximately 30% of 
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pancreatic adenocarcinomas. This is a potentially promising finding, because it 

may have therapeutic implications16. The product of the MTAP gene, the enzyme 

methylthioadenosine phosphorylase plays an important role in the synthesis of 

adenosine17. Chemotherapeutic agents, such as L-alanosine, a purine biosynthesis 

inhibitor, have been developed, to specifically target the selective loss of MTAP 

function in cancers, implicating that it might be effective against one third of the 

adenocarcinomas of the pancreas16,17. 

Mutation of the p53 gene on chromosome 17p is the most common somatic alteration 

in human cancer. The p53 protein plays a central role in modulating cellular responses 

to cytotoxic stress by contributing to both cell-cycle arrest and programmed cell 

death. Loss of p53 function during carcinogenesis can lead to inappropriate cell 

growth, increased cell survival, and genetic instability18. In pancreatic cancer, the p53 

tumor-suppressor gene is inactivated in 50-75% of the cases and occurs predominantly 

through single allelic loss coupled with an intragenic mutation of the second allele19. 

The loss of p53 means that two critical controls of cell number (cell division and cell 

death) are disregulated in the majority of pancreatic cancers.

Of interest, 14-3-3σ, a p53 regulated gene plays a role in signal transduction, apoptosis, 

stress response and cytoskeletal organization20. 14-3-3σ is transcribed in response to 

DNA damage and in a number of cancers it is an important mediator of p53 induced 

G2 arrest21. Evidence suggests that 14-3-3σ is a classic tumor-suppressor gene with 

loss of mRNA- and protein-expression in a variety of non-pancreatic malignancies22-

25. Paradoxically, the 14-3-3σ protein is overexpressed in approximately 95% of the 

invasive pancreatic adenocarcinomas and this occurs in the late stages of pancreatic 

carcinogenesis26-28. 

DPC4 (Smad4) is a tumor-suppressor gene on chromosome 18q and is one of the 

most commonly inactivated genes in pancreatic ductal adenocarcinoma, detected 

in approximately 55% of the cases. Inactivation occurs either through homozygous 

deletion, in approximately 30%, or loss of one allele coupled with an intragenic mutation 

in the second allele in approximately 25%29-31. Inactivation of the DPC4 gene is relatively 

specific to pancreatic cancer, although it occurs with low incidence in other cancers, 

such as colon, breast, and ovarian or biliary tract carcinomas32,33. The transcription 

factor SMAD4 is an important regulator of the transforming growth factor β (TGF-β) 

signaling pathway34. Upon receptor activation SMAD proteins become phosphorylated 

and heterodimerize with Smad4 to transmit upstream signals to the nucleus and 

transactivate transcription of specific target genes35. Loss of SMAD4/DPC4 interferes 

with the intracellular signaling cascades downstream from TGF-β and activin, resulting 

in decreased growth inhibition via loss of proapoptotic signaling or inappropriate G1/S 

transition34,36.

Many other tumor-suppressor genes that are targeted at low frequency in pancreatic 

cancer (<10%) deserve mentioning. Mutations in the LKB1/STK11 gene are the cause of the 

autosomal-dominant inherited Peutz-Jeghers syndrome. Patients with Peutz-Jeghers 

syndrome have an increased risk of pancreatic cancer and it is conceivable that LKB1 

acts as tumor-suppressor gene in pancreatic cancer as well37,38. Intragenic mutations 

and homozygous deletions of the MKK4 gene occur in a small percentage of pancreatic 

cancers39. The MKK4 gene encodes for a component of a stress-activated protein kinase 

cascade and has a function in apoptosis and growth control. The EP300 gene encodes 

for p300, a histone acetyltransferase that regulates transcription through chromatin 

remodeling. In pancreatic cancer cell lines a truncating mutation is reported 40. Other 

less frequently affected genes include TGFβR1 (ALK5), TGFβR2, ACVR1β (ALK4) and 

ACVR241,42.

Oncogenes 

Oncogenes are genes that contribute to oncogenesis when mutationally activated. In 

contrast to tumor suppressor genes they act in a dominant fashion, i.e. mutation of 

one copy of the gene suffices for activation. Oncogenes can be activated through a 

variety of mechanisms including point mutations within the gene and amplification of 

the gene itself. A growing number of oncogenes have been identified that are targeted 

in pancreatic cancer.

The most common activating point mutation involves the KRAS2 oncogene, on 

chromosome 12p, in over 90% of pancreatic ductal adenocarcinomas43,44. This is 

the highest fraction of K-ras alteration found in any human tumor type. Frequent 

mutation sites involve codons 12, 13 and 61, but in pancreatic ductal cancers mutations 

virtually always occur in codon 12. The KRAS gene mediates signals from growth factor 

receptors and other signal inputs. The mutations convert the normal K-ras protein to 

an oncogene, causing the protein to become overactive in transmitting the growth 

factor signals. Mutation of codon 12 in KRAS results in a gain of function, because 

the RAS protein remains trapped in the activated state, which leads to proliferation, 

suppressed apoptosis and cell survival.

The RAS family proteins encode small GTP-binding cytoplasmic proteins35. The 

constitutively active RAS intrinsically binds to GTP and gives uncontrolled stimulatory 

signals to downstream cascades involving mitogen-activated protein kinases 

(MAPK’s). 

12
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Mutant KRAS has been extensively investigated as a marker of pancreatic cancer 

because mutations are basically entirely limited to one codon, can be readily detected 

using molecular assays and are present in approximately 90% of pancreatic ductal 

adenocarcinomas. Unfortunately, KRAS mutations are not specific for invasive 

pancreatic cancer and they occur in patients with chronic pancreatitis, in individuals 

who smoke, and in situ neoplasias from patients without pancreatic cancer6,45.

The BRAF gene on chromosome 7q, is also a member of the RAS-RAF-MEK-ERK-MAP 

kinase pathway, and is mutated in one-third of the pancreatic cancers with wild-type 

(normal) KRAS46. BRAF, a serine/threonine kinase located immediately downstream in 

RAS signaling, is a frequent mutational target in several cell lines and non-pancreatic 

primary cancers including 66% of melanomas and 10% of colorectal carcinomas47,48. 

Interestingly, KRAS and BRAF mutations are mutually exclusive and tumors with mutant 

forms of one of these 2 genes invariably retain wild-type copies of the other. The 

requirement of oncogene KRAS- or BRAF- pathway related signal activation appears to 

be critically important during most instances of pancreatic ductal carcinogenesis.

The Notch signaling pathway is important in directing cell fate and cell proliferation 

during embryonic development. Later in life, the Notch signaling pathway plays a 

critical role in maintaining the balance among cell proliferation, differentiation, and 

apoptosis49. In mammals, this signaling pathway involves interaction of the membrane-

bound Notch receptors (Notch 1-4) and Notch ligands (Delta-like, Jagged and Serate) on 

adjacent cells49,50.

The function of Notch signaling in tumorigenesis can be either oncogenic or 

antiproliferative, and the function is context dependent. In a limited number of tumor 

types, including human hepatocellular carcinoma and small cell lung cancer, Notch 

signaling is antiproliferative rather than oncogenic. However, most of the studies show 

an opposite effect of Notch in many human cancers including pancreatic cancer51. In the 

normal adult pancreas, Notch and its ligands are expressed at low levels. Interestingly, 

aberrant expression of its ligands, expression of mutant Notch1 oncoprotein, and 

abnormal expression of transcription targets of Notch signaling can be observed in 

early stages of pancreatic tumorigenesis as well as in invasive pancreatic cancer52. 

Several other oncogenes that are targeted in pancreatic cancer deserve mentioning. 

The AKT2 gene on chromosome 19q is amplified in 10-15% of pancreatic cancers, the 

AIB1 gene on chromosome 20q is amplified in approximately 60%, and the MYB gene 

on chromosome 6q is amplified in 10% of pancreatic cancers53-57. Cyclin E, a cell cycle 

regulator, appears to be overexpressed in 6% of pancreatic adenocarcinomas46.

Genome-maintenance genes  

Genome-maintenance genes are those that function to identify and repair damage to 

DNA. When a genome-maintenance gene is inactivated, DNA damage is not repaired 

efficiently and DNA mutations accumulate. If these mutations occur in cancer-

associated genes they can contribute to tumorigenesis58.

Although gross chromosomal abnormalities are frequent in pancreatic ductal 

adenocarcinomas, genetic instability also occurs through DNA mismatch repair 

defects59. The DNA mismatch repair genes hMLH1 and hMSH2 are examples of 

genome maintenance genes targeted in pancreatic cancer60. When one of these 

genes is inactivated, DNA changes occur leading to ‘microsattelite instability’ (MSI). 

MSI is associated with poor differentiation, lack of KRAS2 and p53 mutations, and is 

associated with the human nonpolyposis colorectal cancer syndrome (HNPCC)60-62. 

Approximately 4% of pancreatic cancers have MSI and these cancers have a specific 

microscopic appearance called ‘medullary type’, which includes a syncytial growth 

pattern, pushing borders and lymphocytic infiltrate60.

The causative genes of Fanconi anemia, FANCC and FANCG, also play a role in pancreatic 

tumorigenesis63. Fanconi anemia is a hereditary cancer susceptibility disorder, with the 

occurrence of hematologic abnormalities or acute myelogenous leukemia at an early 

stage, usually leading to death before the age of 20. Patients who survive into adulthood 

often develop solid tumors63. The BRCA2 gene represents Fanconi complementation 

group D1 and is thought to aid DNA strand and interstrand crosslinking repair. BRCA2  

Chapter 1

  
Gene mutations Incidence in pancreatic adenocarcinoma %

p16 80-95%

p53 50-75%

DPC4 45-55%

K-RAS 75-90%

BRAF 5-10% (estimated)

hMLH1, hMSH2 4%

BRCA2 7-10%

Tabel 1.  Frequency of selected tumor-suppressor genes, oncogenes and genome-maintenance genes.
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has therefore been categorized as genome-maintenance gene rather than a standard 

tumor suppressor. In ductal pancreatic cancers 7 to 10% harbors an inactivating 

intragenic inherited mutation of one copy of the BRCA2 gene, accompanied by loss of 

heterozygosity64,65. Of interest, it has been shown that the presence of BRCA2/Fanconi 

anemia gene mutations in pancreatic cancer may make them particularly sensitive to 

chemotherapeutic agents that cause DNA crosslinks such as Mitomycin C, because 

these cancers are unable to repair DNA interstrand crosslinks66.

Growth factors

Several of the genes known to be overexpressed in pancreatic cancer include 

growth factors and their receptors. Growth factors are the proteins that control cell 

differentiation and proliferation. Disturbances in growth-inhibition and an abundance 

of growth-promoting factors give cancer cells a distinct growth advantage, which 

clinically results in rapid tumor progression. The epidermal growth factor receptor 

(EGFR) is overexpressed and plays a distinct role in pancreatic cancer. The four 

receptors of the EGF family are membrane spanning glycoproteins composed of an 

amino terminal extracellular ligand binding domain, a hydrophobic transmembrane 

region and a cytoplasmic domain that contains both the tyrosine kinase domain as 

well as the receptor67. The classical EGF receptor is also known as HER1 or ErbB-1. The 

remaining three receptors are designated HER-2/Neu (ErbB-2), HER-3 (ErbB-3), and 

HER-4 (ErbB-4). HER-2/Neu overexpression is most prominent in well-differentiated 

ductal adenocarcinoma, as well as in the early stage precursor lesions, and appears to 

correlate with the grade of dysplasia in the precursor lesions68,69. In pancreatic cancer, 

HER-2/neu amplification has been observed with a variable incidence of 10-60%70,71. 

In addition, increased levels of fibroblast growth factor (FGF), FGF-receptor, insulin-

like growth factor I (IGF-I), IGF-I receptor, nerve growth factor (NGF), and vascular 

endothelial growth factor (VEGF) are also reported in pancreatic cancer72,73.

Tumor growth requires accompanying expansion of the host vasculature with tumor 

progression, often correlated with vascular density. Vascular endothelial growth factor 

(VEGF) is the best-characterized inducer of tumor angiogenesis. Interestingly, Delta-

like ligand 4 (Dll4), a Notch ligand, is dynamically regulated by VEGF74. Several studies 

demonstrated that Dll4 may act downstream of VEGF as a “brake” on VEGF-mediated 

angiogenic sprouting75. Dll4, a transmembrane ligand for the Notch family of receptors, 

is induced by VEGF as a negative feedback regulator and acts to prevent overexuberant 

angiogenic sprouting76.

Telomere shortening 

Defective telomeres may be the major cause of the chromosomal instability 

observed in many cancers and in the vast majority of pancreatic cancers77. 

Telomeres are structures at the end of linear chromosomes that normally function 

to protect the terminal sequences and prevent the ends of chromosomes from joining   

aberrantly78,79. Telomeres serve as protective “caps” and are composed of short 

repeated DNA sequences and associated proteins. It appears that telomeres become 

abnormally short very early in the development of pancreatic neoplasia78. These 

shortened telomeres can presumably lead to the abnormal fusion of chromosome 

ends and in this fashion to chromosome instability, promoting further neoplastic  

progression in these cells 58. Such a chromosome fusion leads to so-called anaphase 

bridges during mitosis80. These anaphase bridges frequently break during cellular 

replication, generating unstable chromosome ends that are subject to abnormal 

fusion events and subsequent chromosomal rearrangements81. This process, called  

breakage-fusion-bridge cycles, has been observed in pancreatic cancers and is believed 

to be one of the major causes underlying loss of function of tumor-suppressor genes 

and the gain of function of oncogenes as described earlier58.

Chromosomal instability provides a tumor with the genetic diversity to overcome 

certain barriers in carcinogenesis. However, ultimately, chromosomal instability might 

prove contra productive to tumor growth, which may explain why neoplasms seem to 

acquire mechanisms to elongate their telomeres at later stages in the development of 

a malignancy, often through the reactivation of the enzyme telomerase82.

Pancreatic Intraepithelial Neoplasia

One of the most important developments of the last decade in the molecular 

insights of pancreatic ductal adenocarcinogenesis has been a significantly improved 

understanding of the non-invasive precursor lesions that precede invasive pancreatic 

cancer83. It is now clear that infiltrating ductal adenocarcinomas of the pancreas arise 

from intraductal precursors called pancreatic intraepithelial neoplasia (PanIN)84. This 

is a powerful system to study noninvasive precursors of an infiltrating cancer. First, 

the infiltrating cancer associated with it, pancreatic ductal adenocarcinoma, is an 

important disease. Furthermore, PanINs are histologically well defined. An international 

consensus has been developed for the classification and grading of PanINs, allowing 

investigators at one institution to compare their results directly with findings from 

another institution85. Additionally, the genetics of PanINs are well described, and 

a progression model for the occurrence of genetic alterations in PanINs has been 

developed86(Figure 1). There is an accumulation of genetic alterations associated with 

the histological progression from low-grade PanIN (PanIN 1) to intermediate PanINs 
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(PanIN 2), to high grade PanIN (PanIN 3), to invasive carcinoma. Telomere shortening 

and activating point mutations in the KRAS2 oncogene occur early in the PanIN 1 

lesions, the p16INK4A/CDKN2A gene is inactivated in the intermediate and late lesions 

(PanIN 2 and 3), and the p53, DPC4, and BRCA2 genes are inactivated late in PanIN-3 

lesions27,30,78. The presence of successive genetic changes within the progression model 

of consecutive intraepithelial neoplastic changes (PanIN model) provides a potential 

tool for the early detection of pancreatic ductal adenocarcinoma. Identifying these 

early noninvasive lesions before an invasive cancer develops, could ultimately reduce 

mortality from this disease.

Familial pancreatic cancer 

In the majority of cases, cancer is a multifactorial disorder in which genetic and 

environmental factors interact to initiate carcinogenesis. However, in a minority the 

disease follows a familial pattern of transmission, suggesting an hereditary cancer 

syndrome. Characterization of the genetic mutations segregating in such families 

has helped to elucidate the molecular events that underly tumorigenesis in the more 

common multifactorial form of the disease. 

It has been estimated that 10% of pancreatic cancers have a familial basis87,88. 

Having a first degree relative with pancreatic cancer doubles the risk of developing 

pancreatic cancer89, and the risk increases with increasing numbers of affected 

relatives90. Segregation analyses have suggested that a major gene is responsible for this  

increased risk,91 but the gene responsible for the familial aggregation of pancreatic 

cancer has not yet been identified92. In different countries familial pancreatic cancer 

registries have been established to investigate the epidemiology and genetic 

background of these families, and to organize the screening programs for high-risk 

relatives and for follow-up. The largest such registry, the National Familial Pancreas 

Tumor Registry (NFPTR) is found at the Johns Hopkins Medical Institutions, Baltimore, 

MD, USA92.

To date, at least five hereditary disorders that significantly increase the risk of 

pancreatic cancer have been described. These include familial breast cancer (caused by 

inherited mutations in the BRCA2 gene), the familial atypical multiple mole melanoma 

(FAMM) syndrome (caused by germline mutations in the p16 gene), the Peutz-Jeghers  

syndrome (caused by inherited mutations in the STK11/LKB1 gene), familial pancreatitis 

(caused by germline mutations in the PRSS1 gene), and hereditary nonpolyposis 

colorectal cancer syndrome (HNPCC) caused by mutations in hMLH1 or hMSH2.  

Figure 1

Progression model of pancreatic ductal adenocarcinoma from normal (left) to carcinoma (right). The histological 
progression is associated with the accumulation of specific genetic alterations (with permission)83. 

Figure 2

Consecutive pancreatic intraepithelial neoplasia (PanIN) lesions with progressive histological changes from 
normal to PanIN-3 (With permission from http://pathology.jhu.edu/pancreas_panin).

Normal PanIN-1A PanIN-1B PanIN-2 PanIN-3
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Familial breast cancer syndrome is associated with an increased risk of breast cancer 

in men and women, as well as an increased risk of ovary, prostate and pancreatic  

cancer93. Homozygous deletion of the BRCA2 DNA-maintenance gene, residing on 

13q12-13, was identified in apparently sporadic cases of pancreatic cancer arising as part 

of this syndrome64,94. As mentioned earlier, the protein product of the BRCA2 gene has 

been shown to interact with protein products of several of the Fanconi anemia genes 

and to function in the repair of double-strand DNA breaks63.

The FAMM syndrome is an autosomal dominant disorder characterized by the familial 

occurrence of multiple melanocytic naevi, atypical naevi, and an increased risk of both 

melanoma and pancreatic cancer95,96. Familial atypical multiple mole melanoma can 

be caused by germline mutations in the p16/CDKN2A gene on chromosome 9p. The 

mutation carriers of the germline p16-Leiden mutation have an estimated risk of 17% to 

develop pancreatic cancer by the age of 75 years13,97. 

The Peutz-Jeghers syndrome is a rare, autosomal dominant condition characterized 

by the development of hamartomatous gastrointestinal polyps, mucocutaneous 

pigmentation and high lifetime risk of developing cancer, affecting both  

gastrointestinal and extra-gastrointestinal sites. The lifetime risk of developing 

pancreatic cancer is approximately 36%98. In 50% of families the pathogenesis is caused 

by germline mutations occurring in the STK11/LKB1 gene37,99.

Familial pancreatitis is characterized by the familial occurrence of pancreatitis with 

an early age of onset100. Germline mutations in the PRSS1 gene cause an autosomal 

dominant form of the disease, whereas germline mutations in SPINK1 lead to an 

autosomal recessive pattern of inheritance. An estimated 40% of patients with familial 

pancreatitis will develop pancreatic cancer by the age of 70 years101.

HNPCC has an autosomal dominant pattern of inheritance and affects approximately 

1 in 200 persons and is associated with multiple forms of cancer, most importantly 

colorectal, but also gastric, endometrial, and pancreatic cancer102. As discussed before, 

HNPCC is caused by mutations in one of the DNA mismatch repair genes. The group of 

individuals with a known predisposing familial syndrome, and with a history of familial 

pancreatic cancer would be among the first to benefit from screening tests for early 

detection of pancreatic cancer.

Molecular biomarkers and therapy 

The gene expression patterns in pancreatic cancer have been studied using multiple 

platforms. A decade ago, gene expression was studied through analysis of the product 

of one gene at a time. Currently, gene expression patterns can be studied using 

technologies that assay nearly the entire genome simultaneously. Examples of such 

technologies that have been applied to pancreatic cancer include serial analysis of gene 

expression (SAGE), cDNA arrays and oligonucleotide arrays28,103-105. The differentially 

expressed genes have proven useful as diagnostic markers in tissue biopsies, as serum 

markers, and as therapeutic targets. For example, prostate stem cell antigen (PSCA) 

and mesothelin were identified to be overexpressed in the majority of pancreatic 

cancers by serial analysis of gene expression (SAGE), and immunolabeling for these  

two proteins can be used to aid in the interpretation of challenging pancreatic 

biopsies106,107. Similarly, osteopontin was identified as overexpressed in pancreatic 

carcinoma using oligonucleotide microarrays, and serum osteopontin levels have a 

sensitivity of 80% and a specificity of 97% for pancreatic cancer108.

The revolution in our understanding of the genetics of cancer and the exploration of 

gene expression on a large scale has brought with it the hope that novel therapies 

can be developed specifically exploiting the genetic deletions and resultant absolute 

biochemical deficiencies present in pancreatic cancer. Two promising examples of 

therapies using a specific biochemical difference, including Mitomycin C for pancreatic 

cancers harboring BRCA2 gene mutations and L-Alanosine, a purine biosynthesis 

inhibitor, for pancreatic cancers with loss of MTAP function were already mentioned 

above. 

The down-regulation of Notch signaling could also be a novel therapeutic approach for 

pancreatic cancer. Numerous studies have proposed inhibition of Notch signaling as 

a strategy for cancer treatment, like the pharmacological block of γ-secretase, which 

has a striking anti-neoplastic effect in Notch expressing transformed cells in vitro and 

xenografted models109. Inhibitors of γ-secretase prevent the second ligand induced 

proteolytic cleavage of the Notch receptor, thereby blocking the Notch signaling 

pathway. Importantly, in pancreatic cancer cells it has been shown that down-regulation 

of Notch1 inhibits cell growth and induces apoptosis51.

In other compartments of the gastrointestinal tract, notably the colorectum and 

the esophagus, regression of tumorigenesis is observed after chemical inhibition of 

Notch110,111. 

Furthermore, developmental signaling pathways, like the Hedgehog signaling 

pathway, have emerged as therapeutic targets in pancreatic cancers112. This pathway 

is aberrantly activated in the majority of pancreatic ductal adenocarcinomas113. Drugs 

such as Cyclopamine which specifically inhibit the hedgehog pathway, have been 

shown effective in xenograft models of human pancreatic cancer in treated mice114. 

Additionally, there are a few promising agents on the therapeutic horizon, being 

tested in clinical trials, like Bevacizumab, the monoclonal antibody against vascular 

endothelial growth factor (VEGF), which targets tumor vascularization and Cetuximab, 
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the monoclonal antibody against the epidermal growth factor receptor (EGFR)115. 

Of note, Trastuzumab (Herceptin®) is a humanized monoclonal antibody that 

acts on the HER2/neu (erbB2) receptor, a member of the EGFR family, and shows 

profound beneficial results with breast cancer patients whose tumors overexpress this  

receptor67. Whether Trastuzumab will be as effective a form of treatment in pancreatic 

cancer as it appears to be in breast cancer, is currently the focus of several studies116,117.

Future perspectives 

Intensive research over the last two decades has shown that pancreatic cancer is 

fundamentally a genetic disease, caused by inherited germline and/or acquired somatic 

mutations in cancer-associated genes. It has uncovered multiple alterations in many 

genes that are important in pancreatic cancer progression. In addition, an increased 

understanding of the molecular basis of the disease has provided the identification 

of new drug targets enabling rational drug design, and facilitated the production of 

animal models of the disease on which such therapies can be tested. 

 Pancreatic ductal adenocarcinoma is nevertheless still one of the most lethal cancers of 

all human malignancies. The poor prognosis and late presentation of pancreatic cancer 

patients emphasize the importance of early detection, which is the sine qua non for the 

fight against pancreatic cancer. It is hoped for the future that the understanding of 

genetic alterations in combination with the development of high-throughput sensitive 

techniques will lead to the rapid discovery of an effective biomarker.
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OUTLINE OF THIS THESIS

Most pancreatic ductal adenocarcinomas (approximately 85%) are diagnosed at a 

late, incurable stage1. The poor prognosis and late presentation of pancreatic cancer  

patients underscore the importance of an effective early detection strategy for 

patients at risk of developing pancreatic cancer. It is essential to catch the horse before 

it has fled the barn. This goal may be succeeded through the discovery of more effective 

molecular biomarkers of pancreatic cancer. 

A biomarker can be defined as a biological feature that provides either diagnostic, 

prognostic, predictive, or therapeutic information about a particular disease or 

subject2. Depending on their diagnostic attributes, biomarkers could be used to 

detect pancreatic cancer in a variety of clinical situations using specimens such as 

serum, pancreatic juice, stool, fine-needle aspirates of pancreatic masses, or brush 

cytology specimens of the pancreatic duct. In current practice, the use of existing 

tumor markers (e.g. CA19-9) and imaging techniques is not optimal for detecting small 

pancreatic lesions. The recognition that invasive pancreatic ductal adenocarcinomas 

arise from noninvasive intraductal precursors has highlighted the need for more 

accurate molecular markers that can not only accurately diagnose pancreatic cancer 

but can ultimately also identify these precancerous lesions2,3.

The expression of multiple genes is altered during pancreatic carcinogenesis and 

knowledge of such alterations can help in the design of pancreatic cancer markers. 

This information can be used to identify the protein products of these overexpressed  

genes, and these proteins can, in turn, be suitable targets for protein-based diagnostic 

tests3.

In our search for novel potential biomarkers for pancreatic cancer we visited 

the publicly available online SAGE libraries in Chapter 3 to evaluate global gene  

expression in pancreatic cancer and to select differential expressed genes. Serial 

analysis of gene expression (SAGE) is a powerful tool for the discovery of novel 

differentially expressed genes that might serve as diagnostic markers or as a lead for 

further research to therapeutic targets.

In the last decade different global analyses of the gene expression patterns of  

pancreatic adenocarcinoma have been used to identify a number of genes highly 

overexpressed in pancreatic cancers. In addition to known genes, most microarray 

experiments often identify a large number of expressed sequence tags (ESTs) which 

are generally discarded from further analyses. The aim of Chapter 4 was to map 

these differentially expressed ESTs onto characterized or predicted genes using 

bioinformatics, to provide a set of novel potential biomarkers for pancreatic ductal 

adenocarcinoma.

In addition, given the poor response of most pancreatic adenocarcinomas to 

chemotherapy and radiotherapy regimens, it is important to identify subsets of cancers 

that might be more susceptible to these agents. Therefore in Chapter 5 we studied the 

expression and prognostic significance of 14-3-3σ and ERM family protein expression 

in pancreatic ductal adenocarcinomas and in other periampullary neoplasms, with 

the purpose to determine whether chemoradiotherapy response is influenced by the 

expression of these proteins.

The revolution in our understanding of the genetics of cancer has brought with it 

the hope that novel therapies can be developed specifically exploiting the genetic 

deletions and resultant absolute biochemical deficiencies present in pancreatic 

cancer. For example, novel chemotherapeutic strategies exploiting the selective loss 

of MTAP function in cancers have been proposed. The MTAP gene is frequently included 

within homozygous deletions of the p16 gene, since the MTAP gene also resides on 

chromosome 9p21, approximately 100 kb telomeric to the p16 gene. In Chapter 6 we 

investigated the potential concordant loss of both p16 and MTAP protein expression in 

pancreatic ductal adenocarcinoma and other periampullary cancers. Biallelic deletions 

of the p16 gene are found in 40% of pancreatic cancers, suggesting that the MTAP  

gene may be frequently inactivated in pancreatic cancer and that selected patients 

with pancreatic cancer may benefit from therapies targeting this loss.

Finally, in Chapter 7 we extended this opportunity of determining the mechanism 

of p16 and MTAP gene inactivation to preneoplastic lesions of pancreatic cancer, the  

pancreatic intraepithelial neoplasia (PanIN).  With this powerful system for studying 

noninvasive precursors of an infiltrating cancer we investigated the potential 

concordant loss of p16 and MTAP protein expression using tissue microarray analysis.
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ABSTRACT

Serial analysis of gene expression (SAGE) is a powerful tool for the discovery of novel  

tumor markers. The publicly available on-line SAGE libraries of normal and neoplastic 

tissues (http://www.ncbi.nlm.nih.gov/SAGE/) have recently been expanded; in addition, 

a more complete annotation of the human genome and better biocomputational  

techniques have substantially improved the assignment of differentially expressed  

SAGE “tags” to human genes.  These improvements have provided us with an 

opportunity to re-evaluate global gene expression in pancreatic cancer using existing 

SAGE libraries.  SAGE libraries generated from 6 pancreatic cancers were compared to 

SAGE libraries generated from 11 non-neoplastic tissues. Compared to normal tissue 

libraries, we identified 453 SAGE tags as differentially expressed in pancreatic cancer, 

including 395 that mapped to known genes and 58 “uncharacterized” tags. Of the 395 

SAGE tags assigned to known genes, 223 were overexpressed in pancreatic cancer, 

and 172 were underexpressed. In order to map the 58 uncharacterized differentially 

expressed SAGE tags to genes, we used a newly developed resource called TAGmapper 

(http://tagmapper.ibioinformatics.org), to identify 16 additional differentially expressed 

genes. The differential expression of 7 genes, involved in multiple cellular processes such 

as signal transduction (MIC-1), differentiation (DMBT1 and Neugrin), immune response 

(CD74), inflammation (CXCL2), cell cycle (CEB1) and enzymatic activity (Kallikrein 6), was 

confirmed by either immunohistochemical labeling of tissue microarrays (Kallikrein 6, 

CD74 and DMBT1) or by RT-PCR (CEB1, Neugrin, MIC1, and CXCL2). Of note, Neugrin was one 

of the genes whose previously uncharacterized SAGE tag was correctly assigned using 

TAGmapper, validating the utility of this program. Novel differentially expressed genes 

in a cancer type can be identified by revisiting updated and expanded SAGE databases. 

TAGmapper should prove to be a powerful tool for the discovery of novel tumor markers 

through assignment of uncharacterized SAGE tags.

INTRODUCTION

Pancreatic adenocarcinoma is the fourth leading cause of cancer death1, 2. The 5-

year survival rate of patients with ductal adenocarcinoma of the pancreas is 3-5%2, 

3. In the United States approximately 31.000 patients are diagnosed with pancreatic 

cancer annually, and nearly an equal number will die from the disease 4. Worldwide 

pancreatic cancer causes an estimated 213,000 deaths a year5. The mortality rate is so 

high in part because pancreatic cancer usually does not produce symptoms until after 

it has metastasized, and because there are no sensitive and specific tools to screen for 

early disease. Effective new markers of pancreatic cancer are urgently needed.

Over the last few years multiple platforms, such as serial analysis of gene expression 

(SAGE)6, 7 , oligonucleotide microarrays8, 9, and cDNA microarrays10, 11, have been used 

to identify differentially expressed genes in pancreatic cancers. These differentially 

expressed genes have proven useful as diagnostic markers in tissue biopsies, as serum 

markers, and as therapeutic targets. For example, prostate stem cell antigen and 

mesothelin were identified as overexpressed in pancreatic carcinoma by serial analysis 

of gene expression (SAGE), and McCarthy et al. have shown that immunolabeling for 

these two proteins can help in the interpretation of difficult pancreatic biopsies12, 13. 

Similarly, osteopontin was identified as overexpressed in pancreatic carcinoma using 

oligonucleotide microarrays, and Koopmann et al. have shown that serum osteopontin 

levels have a sensitivity of 80% and specificity of 97% for pancreatic cancer14. 

SAGE, developed by Velculescu et al.15, is a technology that can be used to characterize the 

global gene expression profiles of a tissue. A large number of SAGE libraries are available 

on-line to the general public, allowing one to obtain a quantitative and comprehensive 

profile of cellular gene expression in a variety of tissues and disease states. For example, 

as of June 1, 2004, the online SAGE database included 250 human SAGE libraries and 

4,570,260 tags (http://www.ncbi.nlm.nih.gov/SAGE/). Recent refinements in the 

assignment of SAGE tags provides an opportunity to follow-up on our previous studies of 

gene expression in pancreatic cancer 6-11. 

Tag-to-gene assignments are critical in SAGE data analysis, however, even with the 

continued improvements to the online SAGE database, many of the SAGE tags still are  

not mapped to genes. Unambiguous tag to gene assignment poses a significant 

challenge, as SAGE tags, which are stretches of 10 nucleotides, can be matched to the 

wrong genes due to coincident sequence identity. Additionally, sequence errors in 

both ESTs and SAGE tags which are single pass reads might give rise to additional false 

positives. Thus, we developed a new biocomputational comprehensive tool, TAGmapper, 

(http://www.ibioinformatics.org/tagmapper), which is built using open source resource 

and is web-based for unambiguous tag-to-gene mapping. TAGmapper can be used to 

assign additional SAGE tags to known genes, and some of these genes may represent 

novel disease markers.

In this study, we identify novel differentially expressed genes in pancreatic cancer  

using the expanded and more completely annotated online SAGE database. In 

addition, we confirm the utility of our TAGmapper tool in correctly assigning 

uncharacterized SAGE tags to named genes, supporting the potential of this public 

database to identifying cancer associated markers for diagnosis and therapy. 
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MATERIALS AND METHODS 

SAGE/ Identification of differentially expressed genes

SAGEmap (http://www.ncbi.nlm.nih.gov/SAGE/), an online tool was used to compare 

computed gene expression profiles between SAGE libraries generated by the Cancer 

Genome Anatomy Project (CGAP) and submitted by others through the Gene Expression 

Omnibus (GEO). We utilized, the xProfiler program, an on-line analytical tool, to compare 

gene expression patterns in adenocarcinoma of the pancreas with those in non-

neoplastic tissues. In this program, one can select SAGE libraries for analysis and then 

compare the tags in one group of online SAGE libraries with the tags in another group. 

In our analysis six libraries of pancreatic cancer, including 4 cell lines (CAPAN1, PANC1, 

ASPC and PL45) and 2 surgically resected pancreatic cancers (Panc 91-16113 and Panc 

96-6252), were compared to 11 libraries of non-neoplastic tissue; including 2 short-term 

cultures of normal pancreatic ductal epithelial cells (H126 and HX), 2 normal mammary 

gland mucosa tissues (Duke 48N and mammary epithelium), 2 normal colonic mucosa 

tissues (NC1 and NC2), 2 cell lines of ovarian surface epithelium (HOSE 4 and IOSE29-

11), 1 microvascular endothelium cell line (Duke HMVEC), 1 skin fibroblast cell line (Duke 

precrisis fibroblasts) and 1 cell line with foreskin fibroblasts (Foreskin Fibroblasts). The 

non-neoplastic tissues were selected: 1) to provide a broad representation of gene 

expression in non-neoplastic epithelial cells with the hope of identifying potential serum 

markers that would be pancreatic cancer specific, and 2) to control for the trapped non-

neoplastic cells (endothelial cells and fibroblasts) present in the desmoplastic stroma of 

the 2 surgically resected pancreatic cancers.

TAGmapper

TAGmapper was developed using open source software and is publicly available (http://

tagmapper.ibioinformatics.org). It is essentially composed of a virtual tag library, 

which is a conceptual construct of all the SAGE tags that could possibly be generated 

experimentally. In TAGmapper the dbEST and nrDB are considered as the reference 

databases for the virtual tag generation. The present library contains 7.1 million virtual 

tags, which includes the entire dbEST and all mRNA sequences from the non-redundant 

database at NCBI. The TAGmapper successfully assigns the experimentally derived 

SAGE tags to their corresponding virtual tag partners in the virtual tag library, which 

are then mapped back to the parent mRNA/cDNA or the ESTs. Each EST is then mapped 

to its corresponding Unigene cluster, which has a unique Unigene identifier and thus to 

the gene represented by the cluster. 

Tissues for the validation of gene expression

Formalin-fixed, paraffin-embedded infiltrating adenocarcinomas of the pancreas 

obtained from patients who underwent Whipple resection from 1998 to 2003, were 

obtained from the surgical pathology archives of The Johns Hopkins Hospital, Baltimore, 

MD. Tissue Micro Array’s (TMA) were constructed from these cancers and from normal 

tissues. Each case was represented by four 1.5mm tissue cores: two cores were arrayed 

from the neoplastic compartment in order to account for potential tumor heterogeneity, 

and two cores were arrayed from adjacent normal pancreatic parenchyma as an internal 

control. 

TMAs were constructed using a manual Tissue Puncher/Arrayer (Beecher Instruments, 

Silver Spring, MD) as previously described 16. For each selected lesion, a 1.5-mm core 

was punched from the donor block to ensure that the entire duct lesion and adequate 

surrounding tissue could be incorporated into the spot. 

Cell Lines for the validation of gene expression

Fourteen human pancreatic cancer cell lines were utilized to confirm the differential 

expression of the genes identified in the SAGE analyses. The cell lines AsPc1, CAPAN2, 

CFPAC1, Hs766T, MiaPaCa2, Panc-1, BXPC3 and SU8686 were obtained from the 

American Type Culture Collection (ATCC), Rockville, MD. PL3, PL4, PL6, PL11, PL12 and 

PL13 are low-passage pancreatic carcinoma cell lines kindly provided by Dr. Elizabeth 

Jaffee. The gene expression levels in these 14 pancreatic cancer cell lines were compared 

to the immortalized human pancreatic non-neoplastic ductal epithelial cell line (HPDE6), 

which was cultured routinely in keratinocyte serum free media (Life Technologies, Inc, 

Gaithersburg, MD) supplemented by bovine pituitary extract and epidermal growth 

factors (Gibco-BRL, Grand Island, NY)17.

All pancreatic cancer cell lines were cultured in DMEM supplemented with 10% FBS and 

antibiotics (100 units/ml penicillin and 100 ug/ml streptomycin) with the exception of 

the CAPAN2 cell line which was cultured in RPMI 1640 medium (Life Technologies, Inc, 

Gaithersburg, MD) supplemented with 10% FBS and antibiotics (100 units/ml penicillin 

and 100 ug/ml streptomycin). The use of different media minimized the variance in 

growth rates that would otherwise be exaggerated with a single medium. Cells were 

incubated at 37ºC in a humidified atmosphere of 5% CO2 in air.

The differential expression of selected genes was confirmed by real-time quantitative 

RT-PCR, using pre-designed TaqMan Assays-on-Demand (Applied Biosystems, Foster 

City, CA). The relative gene expression levels in the 14 pancreatic cancer cell lines were 

compared to the immortalized human pancreatic non-neoplastic ductal epithelial 

cell line (HPDE6)18. RNA from pancreatic cancer cell lines was isolated using Trizol 
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Reagent (Life Technologies, Rockville, MD, USA). One microgram of total RNA was 

reverse transcribed (RT) using the Superscript II kit (Life Technologies, Rockville, MD, 

USA). Samples were assayed in a 26µl reaction mixture containing 1µl of sample cDNA, 

12.5ul QuantiTect PCR mastermix (Qiagen Inc, Valencia, CA), 1.25ul of TaqMan primer 

and probe mastermix, and 11.25ul DEPC H2O on a Smart Cycler(Cepheid, Sunnyvale, 

CA). The universal PCR conditions consisted of a UNG Carryover protection at 50 °C 

for 2 minutes, and 15 min of HotStarTaq DNA polymerase activation at 95°C, followed 

by 43 cycles of PCR at 94°C for 15 s (denaturation), 56°C for 30 s (annealing), and 76°C 

for 30 s (extension). The housekeeping gene PGK1 was used as the internal control for 

quantitative PCR. The 2-ΔΔCT method was used to calculate relative fold difference in 

gene expression in pancreatic cancer cells compared to the immortalized ductal cell 

line 19. 

Immunohistochemical Labeling of Tissue Microarrays

Tissue microarrays containing 18 surgically resected infiltrating ductal pancreatic 

adenocarcinomas and a variety of normal tissues were constructed as described. 

Unstained four-micron sections were cut from each tissue microarray and deparaffinized 

by routine techniques before placing in 200ml DakoTM Target Retrieval Solution, pH6.0 

(Dako, Carpinteria, CA), for 20 minutes at 100°C. After cooling for 20 minutes, slides were 

quenched with 3% H2O2 for 5 minutes, before incubating with the appropriate dilution 

of each primary antibody (a 1/100 dilution of mouse monoclonal antihuman Kallikrein 

6 antibody, Clone S2E5, Serotec Inc., Raleigh, NC, a 1/100 dilution of mouse monoclonal 

antihuman CD74 antibody, Clone LN2, Neomarkers, Labvision, Fremont, CA, and a 1/100 

dilution of mouse monoclonal antihuman DMBT1h12 antibody, subtype IgG1, generously 

provided by Dr. J. Mollenhauer, Heidelberg, Germany 20) for 30 minutes using the Dako 

Autostainer.  Labeling was detected with the Dako Envision system (Dako, Envision Plus 

Detection Kit, Carpinteria, CA) as per the manufacturer’s protocol. All sections were 

counterstained with Giles’ hematoxylin. 

Immunolabeling was evaluated by three investigators (SRH, DC, AM) at a multi-headed 

microscope with consensus reached in all cases. 
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Tags Counts  Counts PC p value Norm-M PC -M Unigene Cluster Cluster title

 Normal     

GATTTCTCAG 0 25  <0.001 0 129 Hs.333509 ALPPL2 alkaline phosphatase,
        placental-like 2
GCCCTGTGGA 0 88  <0.001 0 455 Hs.89832 INS insulin 
GCCCTGTGGA 0 88  <0.001 0 455 Hs.84549 NDUFC1 dehydrogenase 
        (ubiquinone) 1, subcomplex 
        unknown, 1, 6kDa
GCCCTGTGGA 0 88  <0.001 0 455 Hs.183704 UBC ubiquitin C
CACTTCAAGG 70 178  <0.001 177 920 Hs.77667 LY6E lymphocyte 
        antigen 6 complex, 
        locus E
AACTGCTTCA 62 161  <0.001 157 832 Hs.433506 ARPC1B actin related protein 2/3  
        complex, subunit 1B, 41kDa 
AACTGCTTCA 62 161  <0.001 157 832 Hs.370774 ABTB2 ankyrin repeat and BTB 
        (POZ) domain containing 2 
AAATCCTGGG 0 73  <0.001 0 377 Hs.2979 TFF2 trefoil factor 2 
        (spasmolytic protein 1)  
AAATCCTGGG 0 73  <0.001 0 377 Hs.127116 - Transcribed sequences  
CAAACCATCC 501 629  <0.001 1270 3252 Hs.406013 KRT18 keratin 18
CAAACCATCC 501 629  <0.001 1270 3252 Hs.371796 FLJ40504 hypothetical protein 
        FLJ40504
CCGTCCAAGG 1019 1337  <0.001 2584 6914 Hs.397609 RPS16 ribosomal protein S16
CCCTTGTCCG 3 34  <0.001 7 175 Hs.531198 LOC387763 hypothetical 
        LOC387763 
TTCTGTGTGG 0 28  <0.001 0 144 Hs.511525 PRSS2 protease, serine, 2 
        (trypsin 2)
TTCTGTGTGG 0 28  <0.001 0 144 Hs.157307 GNAS GNAS complex locus
GCCCTCTGCC 4 36  <0.001 10 186 Hs.345908 TSC hypothetical protein FLJ20607 
GCCCAGCATT 0 27  <0.001 0 139 Hs.379010 PSCA prostate stem cell antigen 
GCCCAGCATT 0 27  <0.001 0 139 Hs.181444 TMEM9 transmembrane protein 9 
TCCCTTCTAC 0 27  <0.001 0 139 Hs.179838 FMNL3 formin-like 3
CGGGGTGGCC 2 32  <0.001 5 165 Hs.1584 COMP cartilage oligomeric matrix
        protein
ATGTGTAACG 34 192  <0.001 86 992 Hs.81256 S100A4 S100calcium binding 
        protein A4 (calcium protein, 
        calvasculin)
ATGTGTAACG 34 192  <0.001 86 992 Hs.173611 NDUFS2 NADH dehydrogenase 
        (ubiquinone) Fe-S protein 2, 49kDa
GTTCACATTA 20 165  <0.001 50 853 Hs.446471 CD74 antigen (invariant
        polypeptide of major 
        histocompatibility complex, 
        class II)
GAGGGTGCCA 0 24  <0.001 0 124 Hs.8986 C1QB complement of component 1, 
        q subcomponent, beta polypeptide
TCCCTCCTAT 1 29  <0.001 2 149 Hs.371350 HLCS holocarboxylase synthetase
        (biotin-[proprionyl-Coenzyme A-
        carboxylase 
GCCTGCAGTC 86 163  <0.001 218 842 Hs.31439 SPINT2 serine protease inhibitor, 

Table 1:  The top 100 over-expressed genes identified in the SAGE analysis:
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Tags Counts  Counts PC p value Norm-M PC -M Unigene Cluster Cluster title

 Normal     

GAAATAAAGC 1 99  <0.001 2 511 Hs.413826 IGHG1 immunoglobulin heavy 
        constant gamma (G1m marker)
AAACCCCAAT 1 45  <0.001 2 232 Hs.449601 IGLJ3 immunoglobulin lambda 
        joining 3
TGCCCTCAAA 21 108  <0.001 53 558 Hs.204238 LCN2 lipocalin 2 (oncogene 24p3) 
CACTCAATAA 1 41  <0.001 2 212 Hs.79361 KLK6 kallikrein 6 (neurosin, zyme) 
CCACAGGGGA 9 82  <0.001 22 424 Hs.443625 COL3A1 collagen, type III, alpha 1 
        (Ehlers-Danlos syndrome type IV)
CGGCTGCCCA 4 47  <0.001 10 243 Hs.349470 SNCG synuclen, gamma (breast 
        cancer-specific protein 1) 
TGGCCCCAGG 5 46  <0.001 12 237 Hs.268571 APOC1 apolipoprotein C1
ACTGAGGAAA 17 79  <0.001 43 408 Hs.450230 IGFBP3 insulin-like growth factor 
        binding protein 3
CGACCCCACG 23 79  <0.001 58 408 Hs.110675 APOE apolipoprotein E  
GCCACCCCCT 4 42  <0.001 10 217 Hs.356231 MGC2615 hypothetical protein  
        MGC2615   
CAGGAGACCC 0 43  <0.001 0 222 Hs.143751 MMP11 matrix metalloproteinase 11 
        (stromelysin3)  
TCCCTTCTAG 0 29  <0.001 0 149 Hs.145509 KIAA1434 hypothetical protein 
        KIAA1434
AAGGTAACAG 3 58  <0.001 7 299 Hs.407856 SPINK1 serine protease inhibitor, 
        Kazal type 1
GACCAGCAGA 5 63  <0.001 12 325 Hs.172928 COL1A1 collagen, type 1, alpha 1
TGGAAATGAC 58 172  <0.001 147 889 Hs.193076 GRAP2 GRB2-related adaptor 
        protein 2
CCCCCTGCAG 10 45  <0.001 25 232 Hs.408488 MSLN mesothelin
ACCTGTATCC 99 171  <0.001 251 884 Hs.374650 IFITM3 interferon induced 
        transmembrane protein 3 (1-8U)
AAGGGAGCAC 5 93  <0.001 12 480 Hs.405944 - CDNA clone MGC:62026 
        IMAGE:6450688, complete cds
GCTCAGCTGG 44 95  <0.001 111 491 Hs.334798 EEF1D eukaryotic translation 
        elongation factor 1 delta
GGGCATCTCT 9 43  <0.001 22 222 Hs.409805 HLA-DRA major histocompatibility 
        complex, class II, DR alpha
GATGAGGAGA 60 114  <0.001 152 589 Hs.232115 COL1A2 collagen, type I, alpha 2
GATGAGGAGA 60 114  <0.001 152 589 Hs.381061 RPL19 ribosonal protein L19
TTTGGTTTTC 32 75  <0.001 81 387 Hs.281117 RAB22A RAB22A, member RAS 
        oncogene family
GCCGCTACTT 1 24  <0.001 2 124 Hs.32989 RAMP1 receptor (calcitonin) 
        activity modifying protein 1
GTGGAGGGCA 7 46  <0.001 17 237 Hs.139389 CST6 cystatin E/M
GTGGAGGGCA 7 46  <0.001 17 237 Hs.356572 RPS3A ribosomal protein S3A
ATCAAGAATC 4 30  <0.001 10 155 Hs.14623 IFI30 interferon, gamma-inducible 
        protein 30
GACCACGAAT 2 25  <0.001 5 129 Hs.114931 CTSH cathepsin H

Table 1:  The top 100 over-expressed genes identified in the SAGE analysis:

Tags Counts  Counts PC p value Norm-M PC -M Unigene Cluster Cluster title

 Normal     

AAGGATAAAA 22 59  <0.001 55 305 Hs.436718 CEACAM6 carcinoembryonic 
        antigen-related cell adhesion 
        molecule 6 
GACCCTGCCC 117 182  <0.001 296 941 Hs.173464 FKBP8 FK506 binding protein 8, 
        38kDa
GACCCTGCCC 117 182  <0.001 296 941 Hs.165950 FGFR4 fibroblast growth factor 
        receptor 4
AAGGGGGCAA 25 64  <0.001 63 330 Hs.85266 ITGB4 integrin, beta 4
TCCCCTTCTA 0 20  <0.001 0 103 Hs.352185 HTR3C 5-hydroxytryptamine 
        receptor 3 subunit C
TAGGAAAGTA 7 33  <0.001 17 170 Hs.62192 F3 coagulation factor III
        (thromboplastin, tissue factor)
GATAGCACAG 15 45  <0.001 38 232 Hs.380833 IGFBP5 insulin-like growth factor 
        binding protein 5  
ACTTTAGATG 17 47  <0.001 43 243 Hs.233240 COL6A3 collagen, type VI, alpha 3
ATGTAAAAAA 2 45  <0.001 5 232 Hs.234734 LYZ lysozyme (renal amyloidosis)
ATGTAAAAAA 2 45  <0.001 5 232 Hs.173119 DP1 polyposis locus protein 1
AAATGGACAA 0 18  <0.001 0 93 Hs.183765 - CDNA FLJ14241 fis, clone
        OVARC1000533
TGGGAAACCT 1 20  <0.001 2 103 Hs.348037 PPP1R14A protein phosphatase 1, 
        regulatory (inhibitor) subunit 14A
GTGCTCATTC 15 43  0.001 38 222 Hs.296638 GDF15 growth differentiation factor 
        15 
GTGCTCATTC 15 43  0.001 38 222 Hs.350209 THAP8 THAPdomain containing 8
ACCATTGGAT 4 25  0.001 10 129 Hs.458414 IFITM1 interferon induced 
        transmembrane protein 1 (9-27)
TTATGTTTAA 6 28  0.001 15 144 Hs.406475 LUM lumican 
TTATGTTTAA 6 28  0.001 15 144 Hs.69855 D1S155E NRAS-related gene
CCTGGGAAGT 52 92  0.001 131 475 Hs.89603 MUC1 mucin 1, transmembrane
AGCAGCGCCA 2 105  0.001 5 542 Hs.184604 PPY pancreatic polypeptide
GCCGTCGGAG 18 46  0.001 45 237 Hs.287721 G1P3 interferon, alpha-inducible 
        protein (clone IFI-6-16) 
CTAACGGGGC 4 24  0.001 10 124 Hs.513022 ISLR immunoglobulin superfamily 
        containing leucine-rich repeat
GTTGTGGTAA 4 24  0.001 10 124 Hs.48516 B2M beat-2-microglogulin
TTATGGATCT 3 22  0.001 7 113 Hs.435953 SPON2 spondin 2, extracellular
        matrix protein
TTATGGATCT 3 22  0.001 7 113 Hs.5662 GNB2L1 guanine nucleotide binding 
        protein (G protein), β2-like 1
CTCTAAGAAG 0 16  0.001 0 82 Hs.9641 C1QA complement component 1, 
        q subcomponent, alpha 
        polypeptide
TAAACCTGCT 0 16  0.001 0 82 Hs.99923 LGALS7 lectin, galactoside-binding, 
        soluble, 7 (galectin 7) 
CTTCTCATCT 5 25  0.001 12 129 Hs.279611 DMBT1 deleted in malignant brain 
        tumors 1

Table 1:  The top 100 over-expressed genes identified in the SAGE analysis:
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Tags Counts  Counts PC p value Norm-M PC -M Unigene Cluster Cluster title

 Normal     

CTTCTCATCT 5 25  0.001 12 129 Hs.68137 ADCYAP1 adenylate cyclase 
        activating polypeptide 1 (pituitary) 
TTGGGGTTCC 19 46  0.001 48 237 Hs.278408 TREX1 three prime repair 
        exonuclease 1 
ACCGCCGTGG 157 219  0.001 398 1132 Hs.68877 CYBA cytochrome b-245, 
        alpha polypeptide
AACTTGGCCA 3 21  0.002 7 108 Hs.2256 MMP7 matrix metalloproteinase 7 
        (matrilysin, uterine)
AACTTGGCCA 3 21  0.002 7 108 Hs.2258 MMP10 matrix metalloproteinase 10
        (stromelysin 2)
TCTCTTCTAT 0 15  0.002 0 77 Hs.283690 H41 hypothetical protein H41
GAGTTCGACC 23 50  0.002 58 258 Hs.348553 C19orf33 chromosome 19 open 
        reading frame 33  
ACTATTTCCA 3 20  0.003 7 103 Hs.360509 FBP1 fructose-1, 6-bisphosphatase 1 
ACACCCTGTG 1 16  0.003 2 82 Hs.348183 TNFRSF6B tumor necrosis factor 
        receptor superfamily, member 6b,
        decoy
GGCAAACTTT 1 16  0.003 2 82 Hs.95577 CDK4 cyclin-dependent kinase 4
GAGAGCTTTG 0 14  0.004 0 72 Hs.78183 AKR1C3 aldo-keto reductase family
        1, member C3
TTCTCAAGAA 4 21  0.004 10 108 Hs.528308 HRASLS3 HRAS-like suppressor 3
TTCTGTGCTG 15 37  0.004 38 191 Hs.376414 C1R complement component 1, r 
        subcomponent
TGAGTTGGGC 2 17  0.005 5 87 Hs.90911 SLC16A5 solute carrier family 16 
        (monocarboxylic acid transporters),
        member 5
CCGGGCGTGG 9 28  0.005 22 144 Hs.503546 FADS1 fatty acid desaturase 1
GCGGTTGTGG 9 28  0.005 22 144 Hs.436200 LAPTM5 Lysosomal-associated
        multispanning membrane protein-5
ACTGTATTTT 14 35  0.005 35 180 Hs.194691 RAI3 retinoic acid induced 3
ACTGTATTTT 14 35  0.005 35 180 Hs.201554 C9orf14 chromosome 9 open 
        reading frame 14

Norm−M= Tags in normal samples normalized per 1 million tags.  PC-M= Tags in pancreatic cancer samples normalized per 1 million tags.  

Table 1:  The top 100 over-expressed genes identified in the SAGE analysis:

SAGE Tag Unigene Cluster Gene Name assigned by TagMapper

CCACGGGATT Hs.443625 Collagen, type III, alpha 1
GCTGACGTCA Hs.414795 SERPINE 1
AGCTGTCCCC Hs.406491 Transducin-like enhancer of split 1
TCCCTCTATG Hs.5372 CLDN4: claudin 4
TTCCTATTAA Hs.437043 KIAA0540
TCCTATTAAG Hs.279915 TIMM8B
TCCCCGTCAT Hs.440900 BAT3: HLA-B associated transcript 3
TATGAATGCT Hs.434488 CSPG2: chondroitin sulfate proteoglycan 2 (versican)
TCCCTGTACA Hs.439203 Nuclear cap binding protein subunit 1
ATGTGTGTTG Hs.79428 BCL2/adenovirus E1B 19kD-interacting protein 3
TCCCGGTACA Hs.11494 FBLN5  Fibulin 5
TGCTGCATTG Hs.512620 CA12  Carbonic anhydrase XII
AAGGAAGAAT Hs.435390 Hypothetical protein LOC284106
TTATGGTGTG Hs.449896 LOC400705
CTTCTGATCT Hs.40968 Heparan sulfate (glucosamine) 3-O-sulfotransferase 1
ATGATGGCAC Hs.421825 Inorganic pyrophosphatase 2
 

Using TAGmapper, 16 uncharacterized Tags that NCBI could not assign to a Unigene cluster, were mapped onto characterized genes. 
TAGmapper (http://www.ibioinformatics.org/tagmapper) was used to perform tag-to-gene mapping, to identify additional unknown 
tags. 

Table 2:  Differentially expressed genes identified by TAGmapper:
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RESULTS

SAGE analysis /differentially expressed genes

Using a cut-off of p<0.09 we identified 453 SAGE tags as differentially expressed in the 

pancreatic cancer samples compared with the non-neoplastic samples. Of these, 58 tags 

were not assigned in the on-line SAGE database (http://www.ncbi.nlm.nih.gov/SAGE/) 

while 395 of these tags were assigned to genes. Of the 395 differentiallly expressed known 

genes 223 were overexpressed and 172 were underexpressed. A complete list of these 

genes is provided on the Web (pathology2.jhu.edu/pancreas/SAGEmarkers) and a list of 

the top 100 over-expressed genes is provided in Table 1. A search of the PubMed database 

revealed that 298 of the 395 genes had not been previously reported in association with 

pancreatic cancer. The remaining 97 genes had been previously described in pancreatic 

cancer, including 12 by SAGE and 85 by other methods. 

The expression patterns of 6 selected genes (MIC-1, Kallikrein 6, DMBT1, CD74, CEB1, and 

CXCL2) were validated by either immunohistochemical labeling of tissue microarrays or 

by RT-PCR. 

In addition, using TAGmapper (http://www.ibioinformatics.org/tagmapper), we were 

able to map 16 of the 58 SAGE tags that NCBI could not assign to a Unigene cluster, to 

characterized genes. These tags and their mapped genes are listed in Table 2. We selected 

1 of them (Neugrin), to successfully confirm the overexpression by RT-PCR. 

Real time quantitative RT-PCR

We first confirmed the over-expression of MIC1, whose protein product has recently been 

described as overexpressed in the sera of pancreatic cancer patients 21, to test the validity 

of our approach. MIC1 was strongly overexpressed in 13 of 14 (94%) of the cell lines with a 

range of 3.7 to 147.0 increased expression compared to HPDE18. The mean fold change in 

the 13 cancer cell lines that overexpressed MIC1 was 30.29 and the mean fold change for 

all 14 cancer cell lines was 28.17. 

The differential expression of CEB1 and, Neugrin (overexpressed in cancers in the X-profiler 

output), and CXCL2 (underexpressed in cancers in the X-profiler output) was examined 

using quantitative real-time-PCR (Figure 1); as previously stated, Neugrin was selected 

from the gene list discerned using TAGmapper. CEB1 and Neugrin were overexpressed in 

the majority of the pancreatic cancer cell lines, while, as predicted, CXCL2 was significantly 

underexpressed compared to HPDE. CEB1 was overexpressed in 7 of 14 (50%) cell lines 

with a range of 1.79 to 7.52 increased expression. The mean fold change in the 7 cell lines 

that overexpressed CEB1 was 4.82 and the mean fold change for all 14 cancer cell lines 

2.59. Neugrin was overexpressed in 13 of 14 (94%) cancer cell lines with a range of 1.1 to 4.9 

increased expression. The mean fold change in the 13 cell lines that overexpressed Neugrin 

was 2.14 and the mean fold change overall for all 14 cancer cell lines was 2.05. Since our 

initial in silico analysis (March 2004) the tag we identified as belonging to Neugrin has also 

been assigned to Neugrin in the on-line SAGEmap (http://www.ncbi.nlm.nih.gov/SAGE/) 

program, confirming the validity and potential usefulness of TAGmapper (http://www.

ibioinformatics.org/tagmapper) in identifying unassigned SAGE tags. 

The CXCL2 gene was identified as an underexpressed gene, and CXCL2 was underexpressed 

in 11 of 14 (79%) pancreatic cancer cell lines with a range of expression of 0.01 to 0.45 

compared to normal. The mean fold change in the 11 cell lines that underexpressed CXCL2 

was 0.2266 and overall for all 14 cell lines it was 0.45. 

Immunolabeling

We selected 3 genes upregulated in the SAGE libraries, Kallikrein 6, DMBT1 and CD74, for 

immunohistochemical validation using pancreatic cancer tissue microarrays. These 3 

proteins were selected based on the availability of antibodies that label formalin-fixed 

paraffin-embedded archival material (Figure 2). Kallikrein 6 was expressed in 17 of 18 

(94%) infiltrating adenocarcinomas of the pancreas, DMBT1 was expressed in 14 of 18 

(78%) pancreatic cancers, and CD74 was expressed in 15 of 18 (83%) pancreatic ductal 

adenocarcinomas. The labeling for Kallikrein 6 was cytoplasmic, islet cells were, as 

expected, positive and therefore served as an internal control22. DMBT1 was expressed 

primarily in the cytoplasm, with membranous accentuation. As previously described, 

DMBT1 also showed labeling of acinar cells 20. The labeling for CD74 was membranous. 

Nonneoplastic pancreas structures like ductules, acinar cells and islet cells were essentially 

nonreactive or in a few cases demonstrated very weak labeling.

 

DISCUSSION

The identification of genes differentially expressed in pancreatic cancer relative to normal 

tissues provides a basis for the development of novel strategies to detect and treat this 

highly lethal cancer. In this study, we revisited an on-line SAGE database and identified 

395 genes that are differentially expressed in pancreatic cancer. Of these 223 were over-

expressed and 172 underexpressed relative to non-neoplastic tissues. Ninety-seven of  

these genes were previously reported as differentially expressed in pancreatic cancer, while 

298 of them were not previously reported. We confirmed the differential expression of 7 

of 7 selected genes using immunohistochemistry or real-time RT-PCR. These 7 differential 

expressed genes are involved in multiple cellular processes such as signal transduction 

(MIC-1)21, differentiation (DMBT123 and Neugrin24), immune response (CD74)25, inflammation 

(CXCL2)26, cell cycle (CEB1)27, and enzymatic activity (Kallikrein 6)28. The identification of 
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these genes helps our understanding of the complex gene expression patterns associated 

with pancreatic tumorigenesis, and it provides a potential rationale basis for designing 

novel treatments and early detection strategies. 

In this study we confirmed the expression of macrophage inhibitory cytokine-1 (MIC-1) in 

pancreatic ductal adenocarcinoma. MIC-1 is a divergent member of the TGFb- superfamily, 

and it is also referred as prostate derived factor (PDF)21.  MIC-1 was previously reported to 

be overexpressed in pancreatic cancer cell lines, primary pancreatic adenocarcinomas 

and intraductal papillary mucinous neoplasms 21. It is also highly expressed in androgen-

independent prostate cancer29-30, and colorectal adenomas and cancers31-32. In the latter, the 

serum level of MIC-1 is strongly associated with the neoplastic progression32. Of note, MIC-1 

serum levels have recently been shown to be elevated in patients with pancreatic ductal 

Figure 2

Immunolabeling of CD74, DMBT and kallikrein 6. (A) Normal pancreatic ducts, acinar cells and islets are negative 
for CD74 (x40). The infiltrating adenocarcinoma shows (B) membranous staining of CD74 (x 40), (C) cytoplasmic 
expression of DMBT1 with membranous accentuation (x 20), and (D) cytoplasmic expression of kallikrein 6 (x 40). 

Figure 1

The differential expression of CEB1, Neugrin, CXCL2 relative to the non-neoplastic ell line HPDE using quantitative 
real-time-PCR. CEB1 and Neugrin were overexpressed in the majority of pancreatic cancer cell lines, while CXCL2 was 
underexpressed compared to HPDE.
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adenocarcinoma, ampullary cancers, and cholangiocarcinomas 21. Human DMBT1 (deleted 

in malignant brain tumor) codes for a protein belonging to the superfamily of scavenger 

receptor cysteine-rich proteins. DMBT1 has been implicated in epithelial differentiation 

and immunity23. Loss of DMBT1 expression was seen in astrocytoma33 and some epithelial 

cancers such as lung cancer34, esophageal, gastric and colon cancers35, intrahepatic 

cholangiocarcinoma36 and breast cancer37. Such observations have led to the proposal that 

DMBT1 acts as a putative tumor suppressor gene33-37. However, up-regulation of DMBT1 in 

gastric adenocarcinoma23 and in some glioblastoma multiforme38 has also been reported. 

Moreover, a 29 amino acid peptide corresponding to one portion of its COOH-terminus  

was detected in serum-free conditioned medium from some pancreatic adenocarcinoma 

cell lines39. In our study, we found that DMBT1 was overexpressed in 14 of 18 (78%) pancreatic 

duct adenocarcinoma by immunohistochemical labeling. DMBT1 has also been reported 

to be elevated in pancreatic juice of patients with pancreatic ductal adenocarcinomas40. 

CD74, a transmembrane glycoprotein, acts as a chaperone molecule suppressing immune 

response by inhibiting the cytoplasmic form of HLA class II molecules from binding to 

endogenously derived antigen peptides25. The overexpression of CD74 has been observed 

in gastric cancer41, colonic adenocarcinoma42, melanoma43, renal epithelial neoplasms44 

and thymic epithelial neoplasms 45. These findings have led to the proposal that tumors 

use CD74 as a mechanism to escape the host immune response41-42. Here we show that 

CD74 protein is also overexpressed in pancreatic duct adenocarcinoma. Overexpression of 

CD74 in pancreatic cancer suggests that novel treatments such as antisense suppression 

of Ii protein46 or the induction of cytotoxicity with radiolabeled anti-CD74 monoclonal 

antibody47, 48 might be useful against pancreatic cancer. 

In contrast to CD74, CXCL2, an inflammatory protein with chemotactic activity, was 

downregulated in pancreatic cancer cell lines (11 of 14 cell lines). Overexpression of  

CXCL2 has been reported to play an important role in the pathogenesis of 

ventilation-induced49 and hypoxia-induced lung injury50. Given that many of the CXC  

family proteins are overexpressed  in  cancers, including pancreatic cancer51, whether 

and/or how downregulation of CXCL2 contributes to pancreatic tumorigenesis remains to 

be established. 

Human kallikrein 6 (KLK6), a serine protease enzyme28, is detected in both ovarian cancer 

tissues, as well as in sera from ovarian cancer patients ovarian cancers52 and may be a  

useful biomarker for ovarian cancer53. By immunohistochemical labeling, expression of 

KLK6 was observed in 17 of 18 pancreatic duct adenocarcinomas. Our result confirmed that 

both KLK6 transcripts and protein are overexpressed in pancreatic cancer, and therefore, 

KLK6 harbors the potential to be a potential serum-based biomarker for pancreatic cancer 

as it is for ovarian cancer54. 

Neugrin (Mesenchymal stem cell protein DSC92) is mainly expressed in neurons in the 

nervous system, where it plays an important role in the process of neuronal differentiation 
24.Two novel genes, human neugrin and mouse-neugrin, are upregulated with neuronal 

differentiation in neuroblastoma cells 24. We found that neugrin is overexpressed in >90% 

of pancreatic cancer cell lines. The expression of neural markers in epithelial cancers is 

not unprecedented, and we have previously reported overexpression of neuropilin in  

pancreatic cancer and associated metastases. 

Finally, Ceb1 (cyclin E binding protein 1) interacts with various cyclin subunits of CDKs in 

mammalian cells. Expression of Ceb1 is highly elevated when the functions of the tumor 

suppressor proteins, p53 and RB are lost27. In our study upregulation of Ceb1 was seen in 7 

of 14 cell lines.     

Our study also demonstrates the usefulness of a new biocomputational tool, TAGmapper,  

to identify novel genes by mapping unassigned SAGE tags. The success of the SAGE 

technology completely relies on identifying the mRNA source from which the sage tags 

were derived. Although there are some good tag-to-gene assignment tools, they are limited 

in their efficiency either because they are not able to identify a virtual tag that corresponds 

to the experimental tag or due to sequence ambiguity. Using TAGmapper, we mapped 16 

of 58 SAGE tags which were unassigned using publicly available SAGEmap and the SAGE 

Genie programs, to characterized genes. We selected 1 of these genes (Neugrin) and 

validated its overexpression with RT-PCR. The relative success of TAGmapper is probably due 

to the large virtual tag database as well as its constant updating along with the EST sequence  

error optimization process followed to reduce ambiguity. 

In summary in this study, we revisited an on-line SAGE database and identified 395 

differentially expressed genes in pancreatic cancer. Of those 223 were overexpressed and 

172 were underexpressed. We confirmed 7 of 7 selected genes by immunohistochemistry 

or RT-PCR. Therefore SAGE continues to be a highly reliable public available global 

profiler technology of which knowledge can be gleaned to further characterize the 

pathobiology of pancreatic cancer and for identification of novel markers. Moreover we 

used Tagmapper, a new open source biocomputational tool, to successfully map 16 of  

58 previously unassigned SAGE tags. 
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ABSTRACT

Previous global analyses of the gene expression patterns of pancreatic adenocarcinoma 

have identified a number of genes highly overexpressed in this tumor type. The  

discovery  of   these  differentially  expressed  genes  has, in  turn,  provided  major  advances  in 

the  development of  new  markers  of  pancreatic  cancer. In  most  microarray experiments, 

a significant fraction of the differentially expressed mRNAs identified correspond to 

expressed sequence tags (ESTs) and are generally discarded from further analyses. The 

characterization of such ESTs by mapping them onto known or novel genes is likely to 

provide additional new markers of pancreatic cancer. We used careful bioinformatics 

analyses to characterize those ESTs that were found to be highly overexpressed in a 

series of pancreatic adenocarcinomas. cDNA was prepared from 60 non-neoplastic 

samples (normal pancreas [n=20], normal colon [n=10], or normal duodenal mucosal 

[n=30]) and from 64 pancreatic cancers (resected cancers [n=50] or cancer cell lines 

[n=14]) and hybridized to the complete Affymetrix Human Genome U133 GeneChip® set 

(arrays U133A and B) for simultaneous analysis of 45,000 fragments corresponding to 

33,000 known genes and 6,000 ESTs. The GeneExpress® software system Fold Change 

Analysis Tool was used and 60 ESTs were identified that were expressed at levels at least 

3-fold greater in the pancreatic cancers as compared to normal tissues. Searches against 

the human genomic sequence and comparative genomic analysis of human and mouse 

genomes was carried out using basic local alignment search tools (BLAST), BLASTN, and 

BLASTX, for identifying protein coding genes corresponding to the ESTs. Subsequently, 

in order to pick the most relevant candidate genes for a more detailed analysis, we 

looked for domains/motifs in the open reading frames using SMART and Pfam programs. 

We were able to definitively map 43 of the 60 ESTs to known or novel genes, and 15 of 

the ESTs could be localized in close proximity to a gene in the human genome although 

we were unable to establish that the EST was indeed derived from those genes. Two 

out of 60 genes were not close to any transcript. The accuracy of our assignments was 

experimentally validated using two independent methods. The differential expression 

of a subset of genes was confirmed at the protein level by immunohistochemical 

labeling of tissue microarrays (inhibin beta A and CD29) and/or at the transcript level by 

RT-PCR (INHBA, AKAP12, ELK3, FOXQ1, EIF5A2, and EFNA5). We conclude that bioinformatics 

tools can be used to characterize differentially overexpressed ESTs, and that some of 

these ESTs may represent diagnostically and therapeutically useful targets that might 

be missed using data solely from currently annotated databases.

INTRODUCTION

Global analyses of the gene expression patterns of pancreatic adenocarcinoma have 

been used to identify a number of genes highly overexpressed in pancreatic cancers 1-7. 

These differentially expressed genes have proven useful as diagnostic markers in tissue  

biopsies, as serum markers, and as therapeutic targets.  For example, prostate stem 

cell antigen and mesothelin were identified as overexpressed in pancreatic carcinoma 

by serial analysis of gene expression (SAGE), and McCarthy et al. have shown that 

immunolabeling for these two proteins can help in the interpretation of difficult pancreatic 

biopsies 8-10. Similarly, osteopontin was identified as overexpressed in pancreatic 

carcinoma using Affymetrix gene chips, and Koopmann et al. have shown that elevated 

serum osteopontin levels have a sensitivity of 80% and specificity of 97% for pancreatic 

cancer 11. Differentially expressed genes have also proven useful as targets for therapy. For 

example, a variety of immunotherapies targeting mesothelin-expressing cancers have 

been developed 8,12. In addition to known genes, global analyses of gene expression often 

identify a large number of expressed sequence tags (ESTs). For example, approximately 

15 % of the probesets in the Affymetrix Human Genome U133 GeneChip® set (arrays 

U133 A and B) are derived from ESTs, and, in a recent analysis of gene expression using 

the Affymetrix U133 gene chips, 25% of the mRNAs overexpressed in a series of pancreatic 

cancers were ESTs 7. These ESTs are often ignored, because a large fraction of them either  

correspond to 3’untranslated regions of genes or are otherwise difficult to assign to any 

known or predicted protein coding genes.  Yet these ESTs may represent new disease 

markers. The recent completion of the human genome sequence provides a basis for 

characterizing these ESTs in greater detail using computational and experimental 

methods7. In this study we utilized the Gene Logic Inc. BioExpress™ platform and the 

most current version of Affymetrix GeneChip® arrays to identify ESTs differentially 

overexpressed in a large series of well-characterized pancreatic cancer. We then 

demonstrate that these differentially expressed ESTs can be mapped onto characterized 

or predicted genes using bioinformatics thus providing a set of additional markers for 

this highly lethal form of cancer 13. Finally, experimental validation of a subset of our 

assignments using immunohistochemistry and/or RT-PCR confirmed the utility of our 

approach as were able to corroborate the upregulation of these genes in pancreatic 

cancer. We conclude that all the unassigned/orphan ESTs used in high-throughput 

platforms such as oligonucleotide or cDNA microarrays can be routinely and carefully 

analyzed by bioinformatics methods to increase the repertoire of differentially  

expressed genes.
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MATERIAL AND METHODS

Tissues

Samples (0.5 grams) of normal pancreas (n=20), normal duodenal mucosa (n=30), 

normal colon (n=10), primary infiltrating pancreatic adenocarcinoma (n=42), and 

metastatic pancreatic adenocarcinoma (n=8) were collected from surgical resection 

specimens from patients at The Johns Hopkins Hospital. In each case, the specimens 

were harvested within 10 minutes of resection from the patient and snap frozen in liquid 

nitrogen before storage at -80°C. Hematoxylin and eosin-stained sections of adjacent 

sections of the tissue were prepared before snap freezing to confirm the diagnosis. The 

normal duodenum and colon samples were included in the analyses in order to facilitate 

the identification of markers of pancreatic cancer that would be useful in screening 

secondary sources, such as in duodenal fluid or stool samples. 

Cell Lines. Fourteen human pancreatic cancer cell lines were utilized in this study. The 

cell lines AsPc1, CAPAN1, CAPAN2, CFPAC1, COLO357, Hs766T, MiaPaCa2, Panc-1, were 

obtained from the American Type Culture Collection (ATCC), Rockville, MD. Panc 2.13, 

Panc 4.14, Panc 6.03, Panc 8.13, Panc 3.27 and PL4 are low-passage pancreatic carcinoma 

cell lines kindly provided by Dr. Elizabeth Jaffee.  Panc 2.13, Panc 4.14, Panc 6.03, Panc 

8.13, and Panc 3.27 were recently submitted to the ATCC and are now more generally 

available (http://www.atcc.org). All cell lines were cultured in DMEM supplemented 

with 10% FBS and antibiotics (100 units/ml penicillin and 100 ug/ml streptomycin) with 

the exception of the CAPAN1 and CAPAN2 cell lines cultured in RPMI 1640 medium (Life 

Technologies, Inc, Gaithersburg, MD) supplemented with 10% FBS and antibiotics (100 

units/ml penicillin and 100 ug/ml streptomycin). The use of different media minimized 

the variance in growth rates that would otherwise be exaggerated with a single  

medium. Cells were incubated at 37ºC in a humidified atmosphere of 5% CO2 in air.

mRNA Extractions and Affymetrix GeneChip® Hybridization

Sample preparation and processing procedure was performed as described in detail in 

the Affymetrix GeneChip® Expression Analysis Manual (Santa Clara, CA) and in our prior 

publications 7. cRNA samples were hybridized to the complete human U133 GeneChip® 

set (HG_U133 A and B). 

Statistical Data Analysis

The GeneExpress® Software System Fold Change Analysis tool was utilized to identify 

all present genes expressed at least 3 fold greater in the pancreatic cancers (n=64) as 

compared to normal tissues (n=60). For each gene fragment, the ratio of the geometric 

means of the expression intensities in the normal control tissues and the pancreatic 

cancer samples was calculated, and the fold change then calculated on a per fragment 

basis. Confidence limits were calculated using a two-sided Welch modified t-test on 

the difference of the means of the logs of the intensities. The fragments identified 

as overexpressed in pancreatic cancer that are known genes have been previously 

published 7. ESTs expressed at levels three fold or higher in the cancers relative to the 

normal samples were further characterized using biocomputational tools.

Bioinformatics Analysis of ESTs

A large number of the probesets used by Affymetrix are derived from Unigene clusters 

that comprise of one of more ESTs. There are over 105,000 UniGene clusters in the current 

release (March 2004). ESTs comprising uncharacterized UniGene clusters were used 

to search the human genome database (build 34) using the BLAST search algorithm14.  

Once the position of the ESTs was mapped onto the human genomic sequence, 

the relative position of the EST to any nearby gene was established.  The genomic 

sequence between the EST and the nearest known exon was retrieved and used in a 

subsequent BLASTN search against the EST database to identify overlapping ESTs.  If any  

overlapping ESTs were found, then the UniGene cluster was assigned to the neighboring 

gene from which the nearest exon was derived.  Because protein-coding regions are 

especially conserved between human and mouse genomes, a comparative genomic 

analysis  of  human  and  mouse  genomic  sequences  was  performed  to   ensure   conservation 

of coding and non-coding exons in the regions of the gene extended by our strategy.  The  

proteins encoded by the EST clusters were further characterized by looking for identity 

at the protein level using BLASTX to identify homologous proteins.  Putative protein 

domains were predicted by conceptually translating the concatenated EST sequence 

followed by analysis of the potential protein coding regions using SMART 15. The results 

of these analyses are available at http://203.200.58.141/pancreas login: pancreas; 

password: report.

Immunohistochemical labeling of Tissue Microarrays

Tissue microarrays containing 18 surgically resected infiltrating ductal pancreatic 

adenocarcinomas and a variety of normal tissues were constructed as previously 

described 16. Each case was represented by four 1.8mm tissue cores: two cores 

were arrayed from the neoplastic compartment in order to account for potential 

tumor heterogeneity, and two cores were arrayed from adjacent normal pancreatic 

parenchyma as an internal control. Unstained four-micron sections were cut from each 

tissue microarray and deparaffinized by routine techniques before placing in 200ml 

Target Retrieval Solution, PH 6.0 (Dako, Envision Plus Detection Kit, Carpinteria, CA) for 

20 minutes at 100°C. After cooling for 20 minutes, slides were quenched with 3% H2O2 

Chapter 4 Identification of Novel Highly Expressed Genes in Pancreatic Ductal Adenocarcinomas Through a Bioinformatics Analysis of 

Expressed Sequence Tags



64

for 5 minutes, before incubating with the appropriate dilution of each primary antibody 

(a 1:25 dilution of mouse monoclonal antihuman inhibin beta A [Clone E4, Serotec Inc., 

Raleigh, NC], and a 1:100 dilution of mouse monoclonal antihuman CD29 antibody  

[Clone 4B7R, Neomarkers, Labvision, Fremont, CA]) for 60 and 30 minutes respectively 

using the Dako Autostainer.  Labeling was detected with the Dako Envision system as per 

the manufacturer’s protocol. All sections were counterstained with Giles’ hematoxylin.

Two step Real time quantitative RT-PCR 

The differential expression of selected genes was confirmed by real-time quantitative 

RT-PCR, using pre-designed TaqMan Assays-on-Demand (Applied Biosystems, 

Foster City, CA). Four genes, AKAP12, EIF5A2, FOXQ1, and ELK3, were selected for RT-PCR 

validation from the list of ESTs unambiguously mapped to a gene (the EST falls within a 

gene) and two genes were chosen from the group where we were only able to map the 

ESTs in the vicinity of a known gene (INHBA and EFNA5). The relative gene expression 

levels in the 14 pancreatic cancer cell lines were compared to the levels in immortalized 

human pancreatic ductal epithelial cell line (HPDE6) 17. RNA from the pancreatic cancer 

cell lines was isolated using Trizol Reagent (Life Technologies, Rockville, MD, USA). 

One microgram of total RNA was reverse transcribed (RT) using the Superscript II 

kit (Invitrogen, Carlsbad, CA, USA). Samples were assayed in a 26µl reaction mixture 

containing 1µl of sample cDNA, 12.5ul QuantiTect PCR mastermix (Qiagen Inc, Valencia, 

CA), 1.25µl of TaqMan primer and probe mastermix, and 11.25µl DEPC H2O on a 

Smart Cycler(Cepheid, Sunnyvale, CA). The universal PCR conditions consisted of a 

UNG Carryover protection step at 50 °C for 2 minutes, and 15 min of HotStarTaq DNA 

polymerase activation at 95°C, followed by 43 cycles of PCR at 94°C for 15 s (denaturation), 

56°C for 30 s (annealing), and 76°C for 30 s (extension). The housekeeping gene PGK1 

was used as the internal control for quantitative PCR. The 2-∆∆CT method was used to 

calculate relative fold difference in gene expression in pancreatic cancer cells compared 

to the immortalized ductal cell line 18. 

Comparison of identified ESTs to known genes

We have previously identified a set of known genes that are overexpressed in pancreatic 

cancer using the Affymetrix U133 gene chips 7. The 43 ESTs unambiguously mapped to a 

gene (the EST falls within a gene) in the current study were compared to this previously 

reported set of known genes to determine the proportion of ESTs that represent genes 

that would not have been identified by an analysis of only known genes. 

Chapter 4

Table 1:  ESTs identified with strong evidence (n=43):

 1 Probeset ID UniGene  Fold  Gene Product   Gene functions 
   Cluster ID Upregulation 

1  230494_at Hs.110855 5.32 Solute carrier family 20   Sodium-dependent phosphate

     (phosphate transporter), member 1  transporter; receptor for

     (SLC20A1)    gibbon ape leukemia virus

2  244533_at Hs.159238 5.17 Protein tyrosine phosphatase,  

     non-receptor type 14 (PTPN14) Protein tyrosine phosphatase

3  222108_at Hs.121520 4.02 Amphoterin induced gene 2 (AMIGO 2) Cell adhesion molecule

4  231849_at Hs.140978 3.91 Novel protein (LOC144501) To be established

5  226670_s_at Hs.411022 3.65 Similar to Polyadenylate-binding protein2 RNA binding protein

6  227314_at Hs.387725 3.3 Integrin, alpha 2 (ITGA 2) (CD49B) Collagen binding activity

7  201416_at Hs.357901 3.16 SRY (sex determining region Y)-box 4 (SOX4) Developmental transcription  

         factor

8  229271_x_at Hs.439168 6.05 Collagen, type XI, alpha 1 (COLL11A1) Extracellular matrix protein

9  235289_at Hs.164144 5.12 Eukaryotic translation initiation factor 5A2  Translation initiation

     (EIF5A2) 

10 229802_at Hs.194680 3.07 WNT1 inducing signaling pathway  

     protein 1 (WISP1) 

11  227475_at Hs.297452 3.1 Human forkhead box Q1 (FOXQ1) Transcription factor

12 225241_at Hs.356289 3.15 Steroid sensitive gene 1 (URB) Secreted protein

13 225239_at Hs.433995 3.1 Novel protein (FLJ26120 fis, clone SYN00419) To be established

14 226237_at Hs.114599 8.33 Collagen VIII, alpha-1 polypeptide (COL8A1) Extracellular matrix protein

15 214927_at Hs.311054 4.4 Integrin beta-like 1 (ITGBL1/CD29) Cell adhesion receptor/cell  

         adhesion and tumor cell 

         migration

16 227529_s_at Hs.197081 3.27 A-kinase anchoring protein (AKAP12) Scaffolding protein,  

         spaciotemporal control of 

         signaling pathways in 

         oncogensis and development 

17 235616_at Hs.209122 3.35 Chromosome 20 open reading frame 17  To be established

     (C20orf17)    

18 221773_at Hs.288555 3.13 ETS-domain protein (ELK3) Transcription factor

19 227628_at Hs.289044 3.34 Novel protein similar to Glutathione  Gutathione peroxidase activity/

     Peroxidase 2    oxidative stress

20 226552_at Hs.380851 6.49 Similar to RIKEN cDNA 2610524G09  To be established

     (LOC389792)    
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Table 1:  ESTs identified with strong evidence (n=43):

 1 Probeset ID UniGene  Fold  Gene Product    Gene functions 
   Cluster ID Upregulation 

21 227272_at Hs.32433 3.7 Novel protein (BAC86132)  To be established

22 232095_at Hs.5003 3.12 Formin binding protein 2(FNBP2) Possible role in Cytoskeleton  

         control

23 239448_at Hs.36915 3.71 Novel protein (AK129712)   To be established

24 232544_at Hs.222056 6.83 Non coding RNA (AK021634) To be established

 25 244056_at Hs.211267 8.43 Surfactant associated protein G (GSGL541) To be established

26 232113_at Hs.50150 3.05 Non coding RNA (AK095791) To be established

27 238617_at Hs.143134 5.06 Novel protein (FLJ38181 fis, clone FCBBF1000125) To be established 

 28 231148_at Hs.99376 3.94 LOC147920 (XP_085932)   To be established

29 228121_at Hs.169300 3.02 Transforming growth factor, beta 2 (TGFB2) Regulating cell proliferation 

         and apoptosis

30 212444_at Hs.194691 4.64 Retinoic acid induced 3 (RAI3) A G-protein-coupled receptor

31 238021_s_at Hs.237396 7.5 LOC 388279 (XP_378602)  To be established

32 238022_at Hs.237396 5.77 LOC 388279 (XP_378602)  To be established

33 243963_at Hs.511758 3.39 Serologically defined colon cancer antigen 8  To be established

     (SDCCAG8) 

34 221911_at Hs.150011 4.65 Ets variant gene 1 (ETV1)   Transcription factor

35 238949_at Hs.349306 4.42 Novel protein (FLJ31951)   To be established

36 215268_at Hs.159183 4.3 Novel protein (KIAA0754)  To be established

37 229860_x_at Hs.446474 3.09 LOC 401115 (XP_379250)   To be established

38 228116_at Hs.444096 3.37 Novel protein (AK 096951) To be established

39 227862_at Hs.355747 3.4 LOC 388610 (XP_375709)   To be established

40 242881_x_at Hs.444096 6.49 Novel protein (BX 248778) To be established

41 228481_at Hs.136348 3.47 Periostin, osteoblast specific factor (POSTN)  Secreted protein, a cell 

         adhesion molecule for 

         preosteoblasts, osteoblast

         recruitment, attachment, and

         spreading.

42 232105_at Hs.181245 3.25 Novel protein (DKFZp686B15184) To be established

43 228141_at Hs.289044 5.12 Novel protein (DKFZp686G03142) To be established

RESULTS

Identification of overexpressed ESTs. 

cRNA samples were hybridized to the complete Affymetrix Human Genome U133 

GeneChip® set (arrays U133 A and B) for simultaneous analysis of 45,000 fragments 

corresponding to 33,000 known genes and 6,000 ESTs. Fragments with a 3-fold or 

greater increase in expression in the 64 pancreatic adenocarcinomas compared to 

60 normal tissues were identified. Thresholds of expression were set to include all 

fragments that were expressed in at least 50% of the malignant samples (cell lines and 

tumor tissues) and in no more than 5% of the normal tissues. Analysis of the known 

genes from an analysis using many of the same samples has been previously published 
7. Our objective in this study was to pursue the less well-characterized ESTs and see if 

we could identify additional genes that were upregulated. This procedure led to the 

identification of 60 ESTs that were expressed at least 3-fold greater in pancreatic cancer 

samples as compared to normal tissues. The level of significance for each EST fragment 

was less than p=0.00004 (modified Welch t-test).

Mapping of Highly Expressed ESTs to Genes Using Bioinformatics 

Availability of the entire human genomic sequence, a large number of partially and 

fully characterized transcripts and the sequence of the mouse genome affords a unique 

opportunity to map ESTs that would otherwise be termed ‘orphan’ to protein-coding 

genes. Therefore, we used bioinformatics to characterize the differentially expressed 

ESTs obtained from our analysis described above. Forty-three of the 60 ESTs could be 

unambiguously mapped to a gene (the EST falls within a gene), 15 of the ESTs were 

potentially mapped to a gene (the EST lies close to a known gene although no overlap 

could be demonstrated), and 2 could not be identified. 

As an example, searching for additional information at NetAffx website for probeset 

ID 244533_at reveals that it was derived from UniGene cluster ID Hs. 294079 which 

has now been retired. The NetAffx website lists UniGene cluster ID Hs. 159238 under 

‘Public domain and genome references’ for this probe. This UniGene ID on the UniGene 

site is labeled as ‘Transcribed sequence with weak similarity to protein ref:NP_

060312.1 (H.sapiens) hypothetical protein FLJ20489 [Homo sapiens]’ which is not very 

informative. Figure 1 shows how we used the target sequence that this probe was 

designed from to obtain overlapping ESTs that helped establish that this probe is  

actually derived  from  a protein  tyrosine  phosphatase  encoded  by  the  PTPN14  gene. 

Similarly, searching for additional information at NetAffx website for probeset ID 

#227140_at reveals that it maps to UniGene cluster ID Hs.28792. Checking UniGene 
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Figure 2

Mapping of two probes in close proximity to two known genes. 

A. The EST that the oligonucleotides for probeset ID 227140_at were derived from is indicated as a red bar. The genomic 

structure in the vicinity of INHBA gene encoding Inhibin beta A on human chromosome 7p15-p13 is shown.  The exons are 

shown as black rectangles and introns are shown as black lines.  Overlapping ESTs that align to this region are shown as 

blue lines.

B. The EST that the oligonucleotides for probeset ID 233814_at were derived from is indicated as a red bar. The genomic 

structure in the vicinity of EFNA5 gene encoding ephrin-A5 on human chromosome 5q21 is shown. The exons are shown 

as black rectangles and introns are shown as black lines.

Mapping of a probe to the PTPN14 gene. The non-coding and coding exons of PTPN14 genes are indicated in grey and 

black, respectively.  The red line represents the target sequence corresponding to probeset ID 244533_at (accession # 

BE617483 ) and the small lines represent the actual probes. The lines in blue are the overlapping ESTs used to connect the 

target sequence to PTPN14 along with their accession numbers.  Arrows indicate the direction of the transcribed gene.

Figure 1

site for this cluster shows that this cluster corresponds to an orphan cDNA FLJ11041  

deposited by the NEDO high-throughput sequencing project (GenBank accession # 

AK001903). However, no additional obvious information is available from any of the 

annotations from the Affymetrix, UniGene or NEDO project websites that would help 

localize this fragment to a gene. As shown in Figure 2A, we were able to extend the 

EST that the Affymetrix probe was derived from to 100 nucleotides from exon 2 of the 

Inhibin beta A (INHBA) gene. Thus we placed INHBA in the group where we were able to 

map an EST cluster close to a gene but could not obtain a complete overlap. 

Figure 2B shows an example where we were able to use the sequence that was used to 

derive Affymetrix probeset (ID 233814_at) and map it very close to the EFNA5 gene, a 

gene that encodes ephrin A-5, a GPI-linked member of ligands for Eph receptors. 

Table 1 summarizes the data where we were able to definitively establish the protein-

coding gene for the Affymetrix probes. Salient features of the gene products based 

on a domain analysis and literature survey are also listed in the table. We have also  

developed a website (http://203.200.58.141/pancreas login: pancreas; password: report) 

that details our bioinformatics analysis for all of the ESTs. The 43 reliably identified genes 

represent a variety of cellular functions ranging from extracellular matrix modeling 

(Collagen VIII, alpha-1 polypeptide [COL8A1], and Collagen, type XI, alpha 1), cell 

adhesion (CD29/ITGB1, and AMIGO2, periostin), cell structure or organization (AKAP12 , 

Formin binding protein 2), ligands (WISP1, transforming growth factor beta 2) or surface 

receptors (CD49B/ITGA2 and CD29/ITGB1, retinoid acid induced 3),signal transduction 

(protein tyrosine phosphatase, non receptor type 14), transportation (Solute carrier 

family 20 [phosphate transporter], member 1), 
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oxidative stress (a novel protein similar to glutathione peroxidase 2), nucleotide binding 

(Similar to Polyadenylate-binding protein 2), transcription regulation (ELK3, Human 

forkhead box Q1, SRY-box 4, , Etv variant gene 1) and translation initiation (EIF5A2). 

The UniGene is an ongoing process and annotations are constantly being updated with a 

large number of UniGene clusters either being retired, reassigned, collapsed, or assigned 

to specific genes. Since we first carried out our bioinformatics analyses, UniGene has 

been updated and 36 of the 60 unassigned ESTs that we initiated our studies with have 

now been assigned to genes that are in agreement with our assignments. These include 

Hs. 197081, Hs. 164144, Hs. 297452, and Hs. 288555 that have now been assigned to 

AKAP12, EIF5A2, FOXQ1, and ELK3 respectively. 

Table 2 shows the 15 ESTs which we were able to map in the vicinity of known genes.  

Among the 15 genes recovered, integrin beta-like 1/CD29 and protein tyrosine 

phosphatase, non-receptor type 14 (PTPN14) were also identified through 

unambiguously mapping the ETS to known genes (ESTs fallen within a gene). 

Verification and localization of selected candidate tumor markers

The differential expression of two candidate genes (CD29/integrin beta like 1, from the list 

of ESTs unambiguously mapped to known genes and through mapping in the vicinity of 

known genes, and Inhibin beta A, from the group which we were only able to map the ESTs 

in the vicinity of a known gene) was confirmed using immunohistochemical labeling of 

tissue microarrays (Figure 3). Inhibin beta A was expressed in 14 of 18 (78%) infiltrating 

adenocarcinomas of the pancreas, and CD29 was expressed in 16 of 18 (89%) pancreatic 

cancers. As expected, the labeling for inhibin beta A was cytoplasmic, indicating staining 

for the protein in the process of being transported to the extracellular environment,  

and the labeling for CD29 was membranous. 

The differential expression of six candidate genes (INHBA [inhibin beta A], AKAP12, EIF5A2, 

FOXQ1, ELK3, and EFNA5) was examined using quantitative real-time-PCR (Figure 4). 

INHBA and AKAP12 were overexpressed in the majority of the pancreatic cancer cell lines 

compared to HPDE, while EIF5A2, ELK3 and FOXQ1 were overexpressed in some of the 

cancer cell lines. INHBA was overexpressed in 9 of 14 (64%) of the cell lines with a range 

of 1.8 to 797.9 increased expression. The mean fold change in overexpressed cancer cell 

lines was 131.7 and the mean fold change range overall 84.73. AKAP 12 was overexpressed 

in 12 of 14 (86%) cell lines with a range of 1.17 to 47.84 fold increased expression. The 

mean fold change in overexpressed cell lines was 12.28 and the mean fold change  

overall 10.60. EIF5A2 was overexpressed in 4 of 14 (29%) cancer cell lines with a range 

of 2.1 to 9.2 fold increased expression. The mean fold change in overexpressed cell 

lines was 5.44 and the mean fold change overall 1.90. ELK3 was overexpressed in 7 of 

14 (50%) cell lines with a range of 1.5 to 4.8 fold increased expression. The mean fold 

Table 2:  ESTs mapped in the vicinity of known genes (n=15)

 1 Probeset ID UniGene  Fold  Gene Product   Gene functions 
   Cluster ID Upregulation 

1  226311_at Hs.23871 4.37 A disintegrin and metalloprotease with  Cleavage of proteoglycans, 

     thrombospondin motifs-2, isoform 1  extracellular matrix  

     (ADAMTS2)    degradation, inhibition of 

         angiogenesis, gonadal 

         development, and

         organogenesis 

2  227995_at Hs.99472 3.21 Plexin domain containing 2 (PLXDC2) To be established 

3  231993_at Hs.301296 4.32 Integrin, beta-like 1 (ITGBL1) Cell adhesion receptor/cell 

         adhesion and tumor cell 

         migration  

4  236489_at Hs.72307 5.32 G protein-coupled receptor 110 (Gpr110) Signal transduction 

5  226282_at Hs.193557 6.37 Protein tyrosine phosphatase,  Signal transduction

     non-receptor type 14 (PTPN14)  

6  222288_at Hs.130526 3.03 Similar to CG9996-PA (Glycosyl  Metabolism

     transferase protein 8) 

7  226869_at Hs.124863 8.41 EGF-like-domain, multiple 3(EGFL3) To be established 

8  231929_at Hs.159115 3.33 Zinc finger protein, subfamily 1A, 2 (ZNFN1A2) Zinc finger protein 

9  241769_at Hs.115122 3.45 Integrin, alpha-5 (ITGA-5) Cell adhesion  

10 244579_at Hs.253594 3.46 Trichorhinophalangeal syndrome 1 (TRPS1) Zinc-finger GATA-type nuclear 

         protein, apoptosis 

11  229150_at Hs.102406 3.99 Melanophilin (MLPH)   Melanosome transfer by 

         functioning as linker between

         myosin Va and Rab27A 

12 233814_at Hs.288741 5 Ephrin-A5 (EFNA5)   Transcription factor 

13 230831_at Hs.444681 3.4 Novel protein (MGC14161)  To be established 

14 235629_at Hs.270149 3.11 Fibronectin 1(FN 1)   Cell adhesion and signaling  
15 227140_at Hs.28792 14.3 Inhibin beta A (INHBA)    Ligand for TGF beta A pathway
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change in overexpressed cancer cell lines was 2.79 and overall it was 1.75. FOXQ1 was 

overexpressed in 5 of 14(36%) pancreatic cancer cell lines with a range of 1.4 to 11.2 fold 

increased expression. The mean fold change in overexpressed cell lines was 4.18 and 

overall it was 1.78. 

We observed a good correlation between these RT-PCR results and the Affymetrix 

Human Genome U133 GeneChip® microarray fold changes. For example, the mean fold 

change by microarray analysis and by real time RT-PCR for EIF5A2 were 5.12 and 5.44, 

respectively, for ELK3 3.13 and 2.79, respectively and for FOXQ1 3.1 and 4.18, respectively. 

In contrast the overall real time fold changes of these same genes, EIF5A2, ELK3 and 

FOXQ1, are much lower than the microarray results. One possible explanation for this 

discrepancy is the filtering and normalization steps used in the microarray analysis. 

Figure 4

RT-PCR results for inhibin beta activin and AKAP12. Levels of expression relative to the non-neoplastic 
ductal cell line HPDE are shown. 

Another is that alternate splicing of genes may yield differences because the microarray 

analysis and the Taqman probes may in fact be measuring different spliced versions of 

the same gene. Another possible difference is that our microarray results were derived 

from the analysis of both pancreatic cancer cell lines and primary pancreatic cancers, 

whereas the Real time data was generated from analyzing cell lines only. With EFNA5 we 

could not confirm the overexpression in the cancer cell lines relative to the HPDE line by 

RT-PCR.

Inhibin beta A (Activin A), with binding to its type I and type II receptors, functions in 

the transforming growth factor beta (TGF beta) signaling pathway through DPC419. 

The overexpression of inhibin beta A however, was not solely the result of mutations 

in SMAD4/DPC4, as the cell line with the highest level of inhibin beta A expression by  

Figure 3

Immunohistochemical labeling of tissue microarrays for CD29 (A and B) and inhibin beta A (C and D). 
Note the membranous labeling of the pancreatic adenocarcinoma for CD29 (A and B). The labeling of 
the cancers with antibodies to inhibin beta A was cytoplasmic (C). Normal islets also labeled for inhibin 
beta A (D).
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RT-PCR (SU8686) has been previously shown to have a genetically intact SMAD4/DPC4 

gene 20,21.

Comparison of genes identified through EST mapping to previously reported genes 

from DNA microarray experiments

We have previously identified a set of known genes that are overexpressed in 

pancreatic cancer using the Affymetrix U133 gene chips7. The 43 ESTs that were  

mapped unambiguously to genes in the current study were compared to this previously 

reported set of known genes. This is because ESTs could either map to novel genes 

that were only represented as ESTs or to genes that were already present on the 

microarray as ‘known genes.’ This comparison will help determine the proportion 

of ESTs that represent genes that would be missed if only the known gene microarray 

data were analyzed. Only two of the 43 ESTs (integrin, beta-like 1/CD29 and retinoid acid 

induced 3/RAI3) that were unambiguously mapped to a protein-coding gene in the 

current study were identified as known genes overexpressed in pancreatic cancer in our 

previous analysis using the Affymetrix U133 gene chips7. Interestingly, INHBA, one of the 

15 genes where we were able to map the ESTs to the neighborhood of a known gene, 

was also previously reported by us to be overexpressed in pancreatic cancer. Our results 

clearly show the power of detailed bioinformatics analyses in order to maximize the 

 information obtained from DNA microarrays. 

 

DISCUSSION 

 

DNA microarrays represent an excellent platform for obtaining high-throughput data 

on expression levels on thousands of genes simultaneously. The human genome is  

predicted to contain approximately 30,000 protein-coding genes. The latest microarray 

set from Affymetrix contains 54,000 probe sets. Clearly, a large number of these probe 

sets are redundant while others are derived from cDNA fragments that are poorly 

characterized or annotated. The commonest scenario after a microarray experiment is to 

analyze the data that corresponds to well-annotated genes while those expression values 

that are derived only from ESTs are usually not pursued further. This is mainly because it  

is time consuming to analyze such data by integrating information from well  

characterized genes, EST database and genomic information from humans and other 

genomes. It is expected that such bioinformatics analyses would help map the ESTs, 

that are otherwise simply cDNA fragments or clusters of fragments, onto protein-

coding genes. Once the ESTs are associated with genes, they can be categorized based 

on the known or putative features of proteins such as molecular function, subcellular 

localization or presence of characteristic protein domains. In most instances, this will 

help prioritize analysis of those ESTs that encode proteins of interest. For example, one 

could choose specific cell surface proteins for targeting purposes or secreted proteins 

for use as biomarkers in body fluids. We chose to reanalyze microarray data in the 

setting of pancreatic cancer that we had obtained previously from a large collection 

of cell lines as well as tumor tissues. Our goal was to see if we could use bioinformatics 

analysis of unassigned ESTs to identify any additional genes whose gene products could 

serve as diagnostic markers or help explain the pathogenesis of pancreatic cancer. 

We utilized the Gene Logic Inc. BioExpress™ platform and the most current version of 

Affymetrix GeneChip® arrays to perform a comprehensive study of gene expression 

in a well-characterized series of pancreatic ductal adenocarcinomas. Gene expression 

levels in 64 cancers were compared to those of 60 normal samples. We identified 60 

ESTs overexpressed in pancreatic cancer. Using computational analysis, we were able  

to characterize the origin of these ESTs and assign genes to most of these ESTs by 

mapping them unambiguously to known genes using overlapping cDNAs or in the 

vicinity of certain genes that could be subsequently tested for changes in expression. 

Importantly, only three of the genes that we discovered using these bioinformatics 

methods were previously described as upregulated in an analysis using the same  

gene chips7.  In order to test the accuracy of our bioinformatics approach to characterize 

ESTs, we also performed experiments to validate the differential overexpression of a 

selected set of genes using immunohistochemical labeling and RT-PCR. 

Identification of these genes will enrich our understanding of pathogenesis of pancreatic 

cancer. These overexpressed genes are involved in multiple cellular processes. 

Inhibin beta A (INHBA), one of the 15 genes where we were able to map the ESTs to the 

neighborhood of a known gene, functions in the transforming growth factor beta (TGF 

beta) signaling pathway through Dpc419. Inhibin beta A, and receptors (type I, type 

II and type IIb) have been reported overexpressed in the pancreatic cancer cell lines 

and pancreatic tissues by Northern blot analysis22. Inactivating mutations in the type 

I receptor 1B (ACVR1B or ALK4) have been reported in a small percentage of pancreatic 

cancers 23. However no mutation in inhibin beta A (Activin A) has been reported. In 

this study we confirmed the overexpression of inhibin beta A in pancreatic cancer with  

RT-PCR and immunohistochemistry. The overexpression of inhibin beta A was not 

the result of SMAD4/DPC4 mutations, and it is unclear whether and/or how loss of 

expression of Dpc4 protein upregulates activin A. Inhibin beta A (Activin A) also stimulates 

inflammatory corneal angiogenesis by increasing vascular endothelial growth factor 

(VEGF) levels24. Overexpression of VEGF has been shown to be associated with the 

aggressive biology of human pancreatic adenocarcinoma25. Whether inhibin beta A 

(activin A) is involved in regulating VEGF overexpression in pancreatic cancers needs  
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to be established. CD29/integrin beta 1 belongs to the integrin family that plays an 

important role in tumor cell migration and adhesion. It has been shown that tumor 

cell integrin alpha3 beta1 (α3β1) mediates pulmonary arrest and metastasis26. Integrin 

beta1 may also mediate invasion of human breast cancer cells 27 and contribute to the 

growth of hepatocellular carcinoma28. In this study we recovered integrin, alpha 5 by 

mapping one EST to the neighboring known gene, and integrin alpha 5 beta1 (α5β1) is 

a receptor for osteopontin29. Osteopontin (OPN) is overexpressed in many types of 

carcinomas including pancreatic adenocarcinomas (81%) and appears to be involved in 

tumorigenesis and metastasis in various malignancies11, 30. Our results support the role 

of integrin beta 1 in the pathogenesis of pancreatic adenocarcinomas. 

 Periostin, originally isolated as an osteoblast-specific factor, functions as a cell adhesion 

molecule for preosteoblasts and is involved in osteoblast recruitment, attachment, and 

spreading31. Expression of periostin in primary osteoblast cells is enhanced by TGF-beta 
32. Overexpression of periostin has been reported in ovarian epithelial33 and breast34 

cancers. In ovarian cancers, periostin functions as a ligand for alpha (V) beta (3) and alpha 

(V) beta (5) integrins to support adhesion and migration of ovarian epithelial cells33. 

Acquired expression of periostin in human breast cancer leads to significant increase in 

tumor progression and angiogenesis. Up-regulation of the vascular endothelial growth 

factor receptor Flk-1/KDR by endothelial cells was found partially responsible for the 

enhanced angiogenesis34. Overexpression of periostin in pancreatic cancer further 

confirms its role in human tumorigenesis. 

Elk3 is a transcription factor, activated by MAP kinase 35and inhibited by p53 36. Elk3 is 

also activated by Ras37. Activating point mutations in the K-ras gene are seen in ~90% 

of pancreatic adenocarcinoma and biallelic inactivation of the p53 gene is seen in ~50-

70% of pancreatic adenocarcinoma 38,39. These findings suggest that p53 and K-ras gene 

mutations may lead to overexpression of Elk3, which in turn activates transcription of 

target genes to promote pancreatic tumorigensis.

Several other overexpressed genes are also of note. SRY-box 4 (SOX4), a developmental 

transcription factor, is expressed in the pancreatic epithelium and later to islets 

during the embryogenesis of the mouse pancreas40. SOX4 has been shown to be 

highly and differentially overexpressed in primary small cell lung carcinomas (SCLC) 
41, adenoid cystic adenocarcinoma of the salivary gland42 and medulloblastoma43. A-

kinase anchoring protein 12(AKAP12) (Gravin/SSeCKs), a scaffold protein, has been 

reported to be a potential inhibitor of prostate cancer metastasis44. Human EIF5A2 is a 

translation initiation factor with its normal weak expression limited to testis and brain 
45. Overexpression of EIF5A-2 has also been reported in colorectal and ovarian cancer 

lines, suggesting EIF5A2 as a potential oncogene46. Human FOX head box1 (FOXQ1), a 

transcription factor in the family of FOX, is overexpressed in colorectal adenocarcinoma 

and lung carcinoma cell lines47. Overexpression of SRY-box 4 (SOX4), AKAP12, EIF5A2 

and FOXQ1 in pancreatic cancer suggest that they may contribute to the development of 

pancreatic cancer. Further investigation to elucidate if they play a role in the development 

of pancreatic cancer is warranted (see Tables 1 and 2). 

The identification of genes over expressed in pancreatic cancer relative to normal  

tissues provides a major advance in the development of novel strategies to detect 

and treat this highly lethal cancer. These differentially expressed genes may form the 

basis for the development of diagnostic markers or screening methods to detect this 

disease at an earlier, potentially curable stage, or may serve as novel targets for drug 

development or imaging. 

In summary we used bioinformatics tools to reanalyze microarray data in the setting  

of pancreatic cancer. We characterized 60 previously unassigned ESTs and  

mapped most of them to known genes. We also validated selected genes using 

immunohistochemical and/or RT-PCR. Our results suggest that detailed bioinformatics 

be carried out on all ESTs that are of interest (such as significantly up or down regulated) 

to maximize the number of potential target genes in any microarray analysis.  

Systematic manual curation and annotation of the human genome is cumbersome but 

will be fruitful to lay a solid foundation for driving all large scale biological studies that 

require transcriptome information for experimental design (e.g. probe preparation in 

DNA microarrays), for data analysis (e.g. searching with mass spectrometry-derived 

data) or for prioritizing results (e.g. choosing diagnostic markers for validation).
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ABSTRACT

Aberrant gene expression in pancreatic ductal adenocarcinomas contributes to 

the dismal outcome of patients who develop this disease. The 5’ region of 14-3-3s 
(stratifin) is hypomethylated in pancreatic adenocarcinomas and is associated with 

gene overexpression. In multiple experimental systems, ezrin (ERM, Radixin, Moesin) 

has been identified as important in the metastatic behavior of pancreatic and other 

cancers. We investigated the prognostic significance of aberrant expression of 14-3-

3s and the ERM proteins (Ezrin, radixin, Moesin) in a series of invasive periampullary 

adenocarcinomas including 300 infiltrating pancreatic adenocarcinomas, 54 ampullary 

adenocarcinomas, and 33 non-invasive intraductal papillary mucinous neoplasms from 

patients who underwent Whipple resection at The Johns Hopkins Hospital, Baltimore, 

MD, between 1991 and 2003. 

244 (82%) primary infiltrating adenocarcinomas of the pancreas demonstrated positive 

expression of the 14-3-3s, 45 (15%) showed weak immunolabelling, and 9 (3%) were 

negative. 201 (68%) showed positive immunolabeling of the ERM proteins, 75 (25%) 

demonstrated weak expression and 20 (7%) no expression. A similar proportion of 

ampullary cancers showed 14-3-3s and ERM protein expression. IPMNs were more likely 

to express 14-3-3s expression as they progressed from adenomas to carcinoma in situ, 

p=0.017) (Chi-Square test). Expression of 14-3-3s and ERM protein was more likely in 

poorly differentiated cancers (p=0.00005), and their expression was associated with 

poor survival in univariate analysis (p=0.09). By multivariate analysis, patients whose 

cancers expressed 14-3-3s, but not ERM tended to have a poorer prognosis (Hazard ratio, 

1.4; 0.9-2.2, p=0.14). Aberrant expression of 14-3-3s may contribute to the outcome of 

patients with pancreatic ductal adenocarcinoma.

INTRODUCTION

Pancreatic carcinoma is the fourth leading cause of cancer death in the USA1. In the 

United States approximately 31,000 patients are diagnosed with pancreatic cancer 

annually, and 5 years after diagnosis only 2-4% of patients will be alive1,2. The high 

mortality of pancreatic cancer has been attributed to the asymptomatic nature of early 

pancreatic cancers, the lack of sensitive and specific tools to diagnose early disease, and 

the resistance of pancreatic cancers to most forms of treatment. Patients who present 

with early-stage disease can achieve 5-year survival of 15-20% with curative surgery2. 

Postoperative adjuvant chemoradiotherapy may improve survival for adenocarcinoma 

of the pancreas 3-5, but there is a high level of chemo- and radioresistance. 

14-3-3s is overexpressed in pancreatic ductal adenocarcinoma and its expression is 

associated with hypomethylation of 5’ CpG dinucleotides 6, 7. In contrast, many cancers 

including breast carcinomas 8, squamous cell carcinomas of the head and neck9, lung 

cancers 10, and hepatocellular carcinomas , suppress 14-3-3s expression in conjunction 

with methylation of its 5’ region. Indeed, the epigenetic silencing of 14-3-3s by CpG 

island hypermethylation is among the most common molecular abnormalities in breast 

carcinoma 8. Unlike the normal tissues from these sites, normal pancreatic ductal 

epithelium does not express 14-3-3s. Since 14-3-3s has been shown to participate in 

mediating G2 arrest in several cancers, and cells lacking 14-3-3s are prone to mitotic 

catastrophe after treatment with DNA damaging agents, one possibility is that  

expression of 14-3-3s in pancreatic cancers could contribute to the chemo-, and 

radioresistance of pancreatic cancers. Given the dismal response of most pancreatic 

adenocarcinomas to chemotherapy and radiotherapy regimens, it is important to 

identify subsets of cancers that might be more susceptible to these agents.

The recent identification of Ezrin as a crucial molecule in the dissemination of 

rhabdomyosarcoma11 and osteosarcoma12 suggests that Ezrin and, potentially other 

members of the ERM cytoskeleton-associated protein family have essential roles in 

the coordination of signals and cellular complexes that are required for the successful 

metastasis of pancreatic and other cancers. Ezrin is overexpressed in pancreatic cancer 

cell lines, especially in those with high metastatic potential 13. 

We therefore investigated the expression patterns of 14-3-3s and ERM protein in 

pancreatic ductal adenocarcinomas, and their prognostic significance. We compared 

expression patterns to those in ampullary cancers and in intraductal papillary mucinous 

neoplasms (IPMNs), neoplastic precursors to pancreatic ductal adenocarcinomas. 

MATERIAL AND METHODS

Patients and Tissues

Three hundred eighty-seven patients who had undergone pancreaticoduodenectomy 

from 1998 to 2003 were studied. Three hundred of these patients had pancreatic ductal 

adenocarcinoma and in this group 160 were male and their mean age at diagnosis was 

66.5 years (range 32 to 90 years). Fifty-four patients with infiltrating ampullary cancers 

were also studied (30 males; mean age at diagnosis was 67.3 years range 47 to 88 years) 

as were 33 patients with intraductal papillary mucinous neoplasms (IPMNs)(16 males; 

mean age at the time of surgery was 65.7 years; range 35 to 83 years). Demographic and 

clinical information about each patient were collected by the surgical team (CY, TR).

Seventeen tissue microarrays were made from formalin-fixed, paraffin-embedded 
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infiltrating adenocarcinomas of the pancreas obtained from the surgical pathology 

archives of The Johns Hopkins Hospital, Baltimore, MD. Each tissue microarray (TMA) 

contained pancreatic adenocarcinomas, normal pancreatic ducts and a panel of control 

tissues as previously described14. For the TMA construction, representative areas 

containing morphologically defined pancreatic ductal adenocarcinomas and normal 

pancreatic ducts were selected by two of the authors (S.R.H. and N.F.). TMA’s were 

constructed using a manual Tissue Puncher/Arrayer (Beecher Instruments, Silver Spring, 

MD) as previously described14, 15. For each selected lesion, a 1.5-mm core was punched 

from the donor block to ensure that the entire duct lesion and adequate surrounding 

tissue could be incorporated into the spot. A total of 99 cores, 72 pancreatic ductal 

adenocarcinomas lesions and normal pancreatic ducts lesions and 27 tissue cores from 

a variety of extra-pancreatic tissues, were arrayed on the recipient blocks. From each 

TMA block, one section was cut and stained with hematoxylin and eosin (H&E) as a 

reference. 

TMAs were also made of the ampullary adenocarcinomas and IPMN tissues from 

patients undergoing Whipple resection from 1991 to 2001 at The Johns Hopkins 

Hospital, Baltimore, MD. Four cores were taken from each neoplasm and placed in the 

recipient block. These microarrays have previously been shown to be representative of 

the primary cancers from which they were derived 16.

Immunohistochemical labeling of Tissue Microarrays

Unstained  four-micron  sections  were  cut   from  each tissue  microarray  and  deparaffinized 

in xylene and rehydrated through graded alcohols routine techniques before placing  

in 200ml DakoTM Target Retrieval Solution, pH6.0 (Dako, Carpinteria, CA), for 20 minutes 

at 100°C. After cooling for 20 minutes, slides were quenched with 3% H2O2 for 5 minutes, 

before incubating with the appropriate dilution of each primary antibody (a 1/50  

dilution of mouse monoclonal antihuman 14-3-3s antibody, AB-1 Clone 1433S01, 

Neomarkers, Labvision, Fremont, CA15 and a 1/100 dilution of rabbit polyclonal  

antihuman Ezrin-Radixin-Moesin antibody, Cell Signaling Technology, Beverly, MA17 for 

30 minutes using the Dako Autostainer. Labeling was detected with the Dako Envision 

system (Dako, Envision Plus Detection Kit, Carpinteria, CA) as per the manufacturer’s 

Kaplan Meier curve for survival of patients with positive 
and negative 14-3-3s. Patients with 14-3-3s expressing 
cancers had 1.43 (95% CI: 0.95, 2.15) times the risk of death 
compared to patients with weak or negative expression, 
p=0.09. 

Figure 1

Immunolabeling of 14-3-3s and Ezrin-Radixin-Moesin. (A) Normal pancreatic ducts are negative for 14-
3-3s. The infiltrating adenocarcinoma shows cytoplasmic staining with membranous accentuation for 
14-3-3s (x40). (B) Normal pancreatic ducts are negative for ERM. The infiltrating adenocarcinoma shows 
cytoplasmic staining with membranous accentuation for ERM (x40). 

Figure 2 Figure 3

Kaplan Meier curve for survival of patients with positive 
and negative ERM protein. Patients with ERM protein 
expressing cancers had 1.33 (95% CI: 0.95, 1.85), 1.43 (95% 
CI: 0.95, 2.15, p=0.09) times the risk of death compared to 
patients with weak or negative expression.
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protocol. All sections were counterstained with Giles’ hematoxylin, blued in Lerner 

Laboratories Bluing Reagent and dehydrated in graded series of ethanol and xylene.

Immunohistochemical Evaluation

Immunohistochemical labeling was evaluated by three of the authors (SRH, NF, AM) at a 

multi-headed microscope with consensus reached in all cases. 

We considered the pattern of 14-3-3s staining in normal pancreatic ductal epithelium, 

which is negative or in a few cases very weak 6 as the baseline for comparing with 

the pancreatic neoplasms. Neoplasms were scored as negative, weak or positive, 

depending on the intensity of staining and the percentage of immunolabeling of cells. 

The immunolabeling for the Ezrin-Radixin-Moesin gene products was interpreted in a 

similar fashion. We scored the cases as negative, weak or positive, depending on the 

intensity of staining and the percentage of immunolabeling of cells.

Statistical Methods

The major statistical endpoint of this study was survival. Event time distributions for  

this endpoint were estimated using the method of Kaplan and Meier and compared  

using the log-rank statistic or the proportional hazards regression model. Factors of 

primary interest in this study were 14-3-3s status and ERM expression. Other factors 

tested for prognostic value included, age, ethnicity, gender, tumor size, percentage 

of positive nodes, margin status, differentiation, intraoperative blood loss and year of 

surgery. Covariates having some prognostic value in univariate analyses were entered 

into a multivariate Cox proportional hazards model and non-significant factors removed 

in a stepwise fashion. Hazard ratios are expressed relative to a baseline reference 

category.

An additional statistical endpoint was the determination of factors associated with 

poor differentiation. Factors associated with this outcome were selected based on  

cross tabulations and logistic regression modeling. Cross tabulations were analyzed 

using chi-square or Fisher’s exact tests where appropriate.

All p values reported are two-sided. Computations were performed using the Statistical 

Analysis System or EGRET. 

RESULTS

Expression of 14-3-3s 

244 (82%) of the evaluable microarrayed primary infiltrating adenocarcinomas of the 

pancreas expressed the 14-3-3s protein by immunohistochemistry, 45 (15%) weakly 

expressed the protein and 9 (3%) were negative. 14-3-3s was expressed primarily in 

the cytoplasm, with membranous accentuation. Non-neoplastic pancreas structures 

including ductules, acinar cells and islet cells were essentially non-reactive or in a few 

cases demonstrated very weak labeling. (Figure 2A)

Among the ampullary adenocarcinomas 46 (85%) of the evaluable ampullary 

adenocarcinomas expressed 14-3-3s protein, 5 (9%) weakly expressed the protein and 

3 (6%) ampullary cancers lacked expression. Ampullary cancers had the same cellular 

staining pattern as in the pancreas, with expression primarily in the cytoplasm, and 

membranous accentuation. Adjacent nonneoplastic ampullary tissue did not express 

the protein. 

Chapter 5

z 14-3-3s 14-3-3s P value

Characteristic Total positive negative or weak

Sex 

Female 139 120 19
Male  158 123 35 0.06

Ethnicity
White  263 212 51
Other   34   31    3 0.13

Tumor size
> 3.0 cm 162 129 33
< 3.0 cm 136 115 21 0.27

Margins
Positive   122 102 20
Negative 176 142 34 0.52

Intraoperative Blood Loss
> 750 ml 145 118 27
< 750 ml 153 126 27 0.83

Lymph Node Status
> 15% positive 153 125 28
< 15% positive 145 119 26 0.93

Differentiation
Well or Moderate 156 122 34 
Poor  138 120 18 0.05

Table 1: Characteristics of pancreatic adenocarcinoma patients whose tumors where evaluated for 14-3-3s expression.

Expression and Prognostic Significance of 14-3-3s and ERM Family Protein Expression in Periampullary Neoplasms
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The intraductal papillary mucinous neoplasms were divided according to their cytologic 

and architectural atypia into adenoma, borderline and carcinoma in situ neoplasms28. 

Positive staining for 14-3-3s was observed in 3 of the 7 evaluable adenoma-IPMNs, 2 of 

the 3 evaluable borderline-IPMN and 13 (72%) of the 18 evaluable IPMNs with carcinoma 

in situ. 14-3-3 expression was more likely with advanced grade lesions.

ERM Labeling

Two hundred and one (68%) of the evaluable primary pancreatic adenocarcinomas 

expressed ERM protein, with another 75 (25%) weakly expressing ERM protein and 20 

(7%) cancers did not express ERM protein. ERM proteins were expressed primarily in the 

cytoplasm, with membranous accentuation. Of interest, in a few cases immunolabeling 

was also seen amongst stromal fibroblasts. Non-neoplastic pancreas structures like 

ductules, acinar cells and islet cells were essentially non-reactive or in a few cases 

demonstrated weak labeling. (Figure 2B). Thirty-one (57%) of the evaluable ampullary 

adenocarcinomas expressed ERM proteins, 15 (28%) weakly expressed ERM proteins and 

5 (15%) cancer showed no protein expression. ERM was expressed in neoplastic ductal 

epithelium and showed the same cytoplasmic staining pattern as in the pancreas, with 

membranous accentuation. Adjacent non-neoplastic ampullary tissue was negative. 

The ERM proteins were expressed in 4 of the 7 evaluable adenoma-IPMN’s, 3 of 3 

borderline-IPMN’s and 15 (81%) of the 18 IPMNs with carcinoma in situ. There was a trend 

towards finding more ERM protein expression among more advanced IPMNs (p-value 

0.09, Chi-Square test). This trend is similar to expression patterns we observed for 14-

3-3s in microscopic precursors to pancreatic cancer known as pancreatic intraepithelial 

neoplasia’s (PanINs) 15. 

Univariate and Multivariate Analysis

The median survival time of the 300 patients with pancreatic cancer in this series was 

17 months (the median follow-up of the 124 surviving patients in this series was 16.5 

months). A complete summary of the demographics and prognostic indicators is listed 

in Table 1 and 2. Patient’s results are stratified according to whether or not their cancer 

expressed 14-3-3s and ERM protein. Pancreatic cancers that expressed ERM protein  

were more likely to be poorly differentiated (2.508 (95% CI: 1.50, 4.2) times as likely in 

patients with positive ERM protein expression, p=0.00005). Poor differentiation was 

also more likely in cancers expressing 14-3-3s (OR: 1.9, 95CI: 1.0-3.5, p=0.05).

The demographic and clinicopathological variables of the patients with pancreatic  

cancer as well as the expression status of 14-14-3-3s and ERM in their cancers were 

tested for their prognostic utility in a univariate proportional hazards models. Factors 

significantly associated with decreasing survival time included increasing age, 

 Ezrin-Radixin-Moesin Ezrin-Radixin-Moesin

Characteristic Total positive negative or weak P value

Sex 

Female 139 97 41
Male  157 103 54 0.39

Ethnicity
White  262 176 86
Other   33   24    9 0.52

Tumor size
> 3.0 cm 160 114 46
< 3.0 cm 136   87 49 0.18

Margins
Positive   122   82 40 0.83
Negative 174 119 55

Intraoperative Blood Loss
> 750 ml 143 103 40
< 750 ml 153   98 55 0.14

Lymph Node Status
> 15% positive 152 103 49
< 15% positive 144   98 46 0.96

Differentiation
Well or Moderate 155   91 64 
Poor  137 107 30 0.0005

Table 2: Characteristics of pancreatic adenocarcinoma patients whose tumors where evaluated for Ezrin-Radixin-Moesin 

expression.
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positive lymph nodes, larger tumor diameters, positive margins, poor differentiation 

and surgery before 2001 (Table 3). Positive expression of either 14-3-3s or ERM was 

marginally associated with shorter survival times. Patients with positive 14-3-3s had 1.43 

(95% CI: 0.95, 2.15) times the risk of death compared to patients with weak or negative  

expression, p=0.09. ERM positive expression had a similar level of increased risk for 

this endpoint, HR=1.33 (95% CI: 0.95, 1.85), p=0.09. Kaplan Meier curves for 14-3-3s and 

ERM are shown in Figure 1a and 1b, respectively. Kaplan Meier plots by year of surgery 

indicated non-proportional hazards across years and therefore multivariate models 

were stratified for this factor. 

A multivariate model for survival is given in Table 3. Poor differentiation, greater than 

15% positive lymph nodes and age were the strongest factors predictive of survival. 

Positive margins and positive 14-3-3s expression were also marginally associated with 

an increased the risk of death. We also determined whether the subset of patients 

who received adjuvant chemoradiotherapy had a poorer prognosis if their cancers  

expressed 14-3-3s. All patients were offered adjuvant chemoradiotherapy but many 

patients elect not to undergo such treatment because of its unproven benefit. Among 

the subgroup of patients who had received adjuvant chemoradiotherapy, the expression 

status of 14-3-3s in their pancreatic cancers was not associated with a difference in 

patient survival.

DISCUSSION

Our results support the hypothesis that patients with aberrant expression of 14-3-3s 

and ERM proteins in pancreatic ductal adenocarcinomas have a poorer prognosis than 

those whose tumors do not express these proteins. Previous studies have indicated that 

cancers lacking 14-3-3s expression might be more susceptible to drugs that preferentially 

kill cells with an impaired G2 checkpoint such as radiation and chemotherapy than will 

the cancers that strongly express 14-3-3s 15, 18, 19. Colorectal cancer cells that lack 14-3-3s 

are quite sensitive to adriamycin and that sensitivity can be abrogated by the addition 

of 14-3-3s 20. Abrogation of the G2 arrest checkpoint has been demonstrated in cancers 

with 14-3-3s hypermethylation including hepatocellular carcinomas and gastric cancer 

cell lines. Although additional mechanisms may contribute the resistance of cancers to 

adriamycin, an intact G2 arrest checkpoint in response to DNA damage may enable cells 

to arrest until exposure to the drug is over, while cells lacking this checkpoint undergo 

catastrophic cell death as a result of DNA damage. 14-3-3s is transcribed in response to 

DNA damage and in certain cancers is an important mediator of p53 induced G2 arrest 
21, although p53/14-3-3s independent modes of G2 arrest exist. If cells pass through a 

 

Factor Hazard Ratio 95%CI P value

negative or weak 14-3-3s 1.00
positive 14-3-3s 1.43 (0.95, 2.15) 0.09
negative or weak ERM 1.00
positive ERM 1.33 (0.95, 1.85) 0.09
Negative lymph nodes 1.00
Positive lymph nodes 2.04 (1.24, 3.37) 0.01
tumor size (<3.0 cm) 1.00
tumor size (>3.0 cm) 1.50 (1.11, 2.04) 0.01
Negative margins 1.00
Positive margins 1.61 (1.19, 2.17) 0.002
age 1.02 (1.00, 1.03) 0.03
well or moderate differentiation 1.00
poor differentiation 2.47 (1.82, 3.35) <0.0001
year surgery (2001 and later) 1.00
year surgery (before 2001) 1.43 (1.05, 1.96) 0.02

Table 3: Univariate Cox Proportional Hazards Model for Survival 

 

Factor Hazard Ratio 95%CI P value

well or moderate differentiation 1.00
poor differentiation 2.30 (1.67, 3.16) <.0001
<15% positive nodes 1.00
>  15% positive nodes 1.64 (1.18, 2.27) 0.003 

age 1.02 (1.00, 1.03) 0.04
negative margins 1.00
positive margins 1.34 (0.97, 1.85) 0.08
negative or weak 14-3-3s 1.00 
positive 14-3-3s 1.40 (0.90, 2.20) 0.14

Table 4: Multivariate Cox Proportional Hazards Model for Survival Stratified for Surgery Year 
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G2 checkpoint with DNA damage they often die of “mitotic catastrophe’. Despite these 

findings in other cancer types, a recent study of radiation responses to pancreatic 

cancer cells in vitro could not discern an effect of 14-3-3s on maintaining G2 arrest or on 

apoptosis in response to radiation and apoptotic agents22. 

The G2 checkpoint involves many factors. The G2/M checkpoint is directed by the Cdc2/

cyclinB1 complex. When faced with genotoxic stress, cyclin B/Cdc2 kinase activation 

is inhibited and cells arrest in G2 to enable the damaged DNA to be repaired23. The G2 

checkpoint activation in response to DNA damage occurs through ATM/ATR, followed 

by Chk1/2 activation and Cdc25 and Cdc2 inactivation24, 25. At the onset of mitosis, the 

inhibitory phosphates are removed by Cdc25, leading to activation of Cdc2 kinase. 

Cdc25 is inactivated through its phosphorylation on Ser-215, catalyzed by Chk1/Chk2 or 

C-TAK1 kinases26 27, 28. 14-3-3s causes G2 arrest by binding to phosphorylated Cdc25 and 

exporting it into cytoplasm29. 

Our results suggest that 14-3-3s expression is associated with reduced survival 

(p=0.09). Our analysis of a relationship between 14-3-3s expression, survival and 

adjuvant chemoradiotherapy showed no trend suggesting that 14-3-3s expression is an  

indicator of a more aggressive cancer, but its expression does not appear to influence 

response to 5FU/radiation. Overall, our results support the need for further investigation 

of aberrant 14-3-3s expression in pancreatic cancers.

We also found a trend towards poorer survival for ERM protein expression in  

univariate but not multivariate analysis. ERM members have properties suggesting that 

they may be important in the process of tumor-endothelium interactions, cell migrations, 

cell adhesion, tumor progression and metastasis30. The prognostic significance of ezrin 

expression in different cancers is mixed. In ovarian carcinomas loss of Ezrin expression is 

associated with poor survival31. Conversely, in uveal malignant melanoma the presence 

of Ezrin is a poor prognostic indicator32. 

Studies such as ours have limitations when considering the prognostic significance 

of 14-3-3s and ERM protein expression. First, only a minority of the cancers tested in 

our study had weak or absent expression, and so even with 300 pancreatic cancers, 

our study was only moderately powered to detect survival differences. In addition, 

determining if 14-3-3s expression influenced chemoradiotherapy response would be 

easier if there were DNA damaging agents that were active for patients with pancreatic 

cancer. Furthermore, the radioresistance seen with most pancreatic cancers is likely to 

be due to many factors. Further determination of the significance of 14-3-3s expression 

as a predictor of response to therapy could also be tested in other cancer types that 

frequently respond to DNA damaging agents. Finally, it is possible that the poorer 

prognosis among patients with pancreatic cancers expressing 14-3-3s is not a direct 

result of 14-3-3s expression, but reflects an association between the expression of this 

protein and other aspects of pancreatic cancer biology. 

We also found similar expression patterns for 14-3-3s and ERM in ampullary cancers 

suggesting that while these proteins may be important in the biology of both pancreatic 

and ampullary cancers, the better prognosis of ampullary cancers is not likely to be 

related to differences in the expression of these proteins. 

In conclusion, we find that 14-3-3s and ERM are commonly expressed in periampullary 

neoplasms, their expression is more common in poorly differentiated pancreatic  

cancers, and expression of 14-3-3s tends to be associated with poorer patient 

prognosis.
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ABSTRACT

Methylthioadenosine phosphorylase (MTAP) plays an important role in the salvage 

pathway for the synthesis of adenosine. Novel chemotherapeutic strategies exploiting 

the selective loss of MTAP function in cancers have been proposed. The MTAP gene, on 

chromosome 9p21, is frequently included within homozygous deletions of the p16INK4A/

CDKN2A gene. Biallelic deletions of the p16INK4A/CDKN2A gene are found in 40 % of  

pancreatic cancers, suggesting that the MTAP gene may be frequently inactivated in 

pancreatic cancer and that selected patients with pancreatic cancer may benefit from 

therapies targeting this loss. We immunolabeled six xenografted pancreatic cancers 

with known MTAP and p16INK4A/CDKN2A gene status and found that immunolabeling 

mirrored gene status. Loss of expression of both MTAP and p16 was observed only in 

 those pancreatic cancers with homozygous deletions that encompassed both the 

MTAP and p16INK4A/CDKN2A genes. We then immunolabeled a series of 320 microarrayed 

infiltrating pancreatic adenocarcinomas, 35 biliary adenocarcinomas, 54 ampullary 

cancers, and 35 non-invasive intraductal papillary mucinous neoplasms. Immunolabeling 

for MTAP was lost in 91 of the 300 (30%) evaluable pancreatic cancers, 9 of 54 (17%) 

ampullary cancers, 4 of 33 (12%) biliary cancers, and in 1 of 35 (3%) IPMNs. All neoplasms 

with loss of MTAP labeling also demonstrated loss of p16 labeling. These results suggest 

that MTAP expression is lost in ~30% of infiltrating pancreatic cancers and in a lower 

percentage of other periampullary neoplasms, that this loss is the result of homozygous 

deletions encompassing both the MTAP and p16INK4A/CDKN2A genes. Thus, pancreatic 

cancer is a promising cancer type in which to explore novel chemotherapeutic strategies 

to exploit the selective loss of MTAP function.

INTRODUCTION

Novel therapies are urgently needed for the treatment of pancreatic cancer1. This year 

approximately 31,000 Americans will be diagnosed with infiltrating adenocarcinoma of 

the pancreas and 31,000 will die from it2. While surgical resection can prolong life for 

selected patients with small infiltrating adenocarcinomas of the pancreas, the majority 

of patients with pancreatic cancer present with metastatic disease, and there are no 

effective therapies for these patients3. Only slightly better survival rates are seen for  

other periampullary neoplasms4.

The revolution in our understanding of the genetics of cancer has brought with it the  

hope that novel therapies can be developed specifically exploiting the genetic deletions 

and resultant absolute biochemical deficiencies present in pancreatic cancer 5,6. For 

example, the MTAP and p16INK4A/CDKN2A genes is frequently co-deleted in pancreatic 

and other cancers, and strategies to exploit the biochemical consequences of a  

non-functional MTAP gene in cancer cells have evolved as “mechanism-based” treatment 

modality6-10. 

The p16INK4A/CDKN2A gene is one of the most frequently targeted genes in pancreatic 

cancer and it is frequently inactivated in other periampullary neoplasms8,11-16.  The p16INK4A/

CDKN2A gene is inactivated in 40% of pancreatic cancers by homozygous deletion, 

in 40% by an intragenic mutation coupled with loss of the second allele, and in 15% by  

hypermethylation of the p16INK4A/CDKN2A gene promoter 8,11. The MTAP gene is located 

approximately 100 kilo bases telomeric to the p16INK4A/CDKN2A gene on chromosome 

9p21, and in other tumor types the MTAP gene is frequently contained in p16INK4A/CDKN2A 

homozygous deletions 8,9,17-22. In pancreatic cancers, a pilot study of small numbers of cell 

lines confirmed the inclusion of the MTAP gene in homozygous deletions of the p16INK4A/

CDKN2A gene6.

Novel therapeutic approaches selectively targeting cells with loss of MTAP function 

have recently been developed9,10,22. The product of the MTAP gene, methylthioadenosine 

phosphorylase (MTAP), plays an important role in the salvage pathway for the synthesis 

of adenosine 22. In the absence of functional MTAP, cells are completely dependent on 

a de novo synthesis pathway, suggesting that molecules that selectively block the de 

novo synthesis pathway, such as L-alanosine, may be effective and selective inhibitors of 

neoplasms with MTAP gene deletions22,23. This therapeutic approach would be effective 

against cancers with MTAP gene inactivation, but not against cancers with intact MTAP 

function. 

The challenge then becomes identifying those patients who would benefit from  

therapies targeting cancer cells with an MTAP deletion and sparing those with intact 

MTAP from unnecessary treatment. Here, we find that immunolabeling for the MTAP gene 

product mirrors gene status and that ~30% of infiltrating pancreatic adenocarcinomas 

have complete loss of MTAP expression. These findings suggest that patients with 

pancreatic cancer could be biopsied and their cancers tested immunohistochemically  

for MTAP. Those patients whose cancers show a complete loss of MTAP expression can  

be offered treatment with inhibitors of the de novo purine synthesis pathway22. The results 

also suggest that the loss of immunolabeling for both MTAP and p16 can be used as a 

marker for p16INK4A/CDKN2A homozygous deletions in tissue sections. 
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MATERIALS AND METHODS

Tissues

The study was approved by the Johns Hopkins Institutional Review Board. Six  

surgically resected pancreata with infiltrating adenocarcinomas were xenografted 

as described24. These six xenografted cancers were previously analyzed for MTAP and 

p16INK4A/CDKN2A homozygous deletions8,11. Formalin-fixed paraffin-embedded sections 

of the primary cancers from which these xenografts were derived were arrayed into a 

tissue microarray, providing an opportunity to compare immunolabeling patterns to 

gene status. In addition, a series of 320 consecutive formalin-fixed, paraffin-embedded 

infiltrating adenocarcinomas of the pancreas, from patients who underwent Whipple 

resection from 1998 to 2003, were arrayed into additional tissue microarrays. Finally, 

35 formalin-fixed, paraffin-embedded non-invasive intraductal papillary mucinous 

neoplasms (IPMN), 54 formalin-fixed, paraffin-embedded ampullary adenocarcinomas, 

and 40 formalin-fixed, paraffin-embedded biliary adenocarcinomas from patients 

undergoing Whipple resection from 1991 to 2001 at The Johns Hopkins Hospital, 

Baltimore, MD were arrayed into tissue microarrays. Four cores were taken from each 

neoplasm and placed in the recipient block. These microarrays have previously been 

shown to be representative of the primary cancers from which they were derived 24. 

MTAP labeling

We utilized a newly developed immunohistochemical assay, implemented by Genzyme 

Genetics Analytical Services, Los Angeles, CA, to detect MTAP expression using a novel 

monoclonal anti-MTAP antibody developed by GeneTex Inc., San Antonio, TX and 

Salmedix, Inc., San Diego,CA25. Unstained four-micron sections were cut from each 

tissue block and deparaffinized by routine techniques.  Antigen retrieval was performed 

by incubating the tissue-sections in Borg Decloaker at 120 ˚C (Biocare Medical, CA) for 3 

minutes, followed by trypsin incubation for 5 minutes at room temperature. The sections 

were incubated with 20µg/ml of the monoclonal antihuman MTAP antibody (Clone 6.9, 

Salmedix, Inc., San Diego, CA)25. Incubation of labeled polymer (Dako, Envision Plus 

Detection Kit, Carpinteria, CA) was carried out for 30 minutes at room temperature. 

The peroxidase reaction was visualized by incubating with DAB (3,3’- diaminobenzidine 

tetrahydrochloride) for 5 minutes.

p16 labeling

We performed p16 immunolabeling using two different methods, because of the  

difficultly inherent in interpreting p16 immunolabeling26. The two immunolabeling 

methodologies produced identical results in all cases. 

For the first p16 immunolabeling method, four-micron sections were cut and 

deparaffinized by routine techniques before placing in 200ml DakoTM Target Retrieval 

Solution, pH6.0 (Dakocytomation, Carpinteria, CA) for 20 minutes at 95°C. After cooling 

for 20 minutes, the slides were quenched with 3% H2O2 for 5 minutes before incubating 

with a 1:800 dilution of a mouse monoclonal antihuman p16 antibody (Clone 16P07, 

Neomarkers, Labvision, Fremont, CA)26 for 60 minutes using the Dako Autostainer 

at room temperature. Labeling was detected with the Dako Envision system (Dako,  

Envision Plus Detection Kit, Carpinteria, CA) as per the manufacturer’s protocol. All 

sections were counterstained with hematoxylin and blued in Richard Allen Bluing 

ReagentTM.

In the second p16 immunolabeling protocol, unstained four-micron sections were 

cut from each tissue block and deparaffinized by routine techniques. A 38 minute 

pretreatment using Ventana Cell Conditioner 1 (Ventana Medical Systems, Inc., Tucson, 

AZ) followed a warming of the slides for 8 minutes at 95 °C and for 4 minutes at 100°C. 

Endogenous peroxidase was quenched with 3% H2O2 for 4 minutes before incubating  

with a mouse monoclonal antihuman p16 antibody in a prediluted ready-to-use form 

(Clone 16P04, Catalog No.CMA811, Cell Marque Corp., Hot Springs, AR.)27 for 28 minutes, 

using the automated Ventana Benchmark XT (Ventana Medical Systems, Inc., Tucson,  

AZ). Labeling was detected with the iVIEWTM DAB Detection Kit (Ventana Medical  

Systems, Inc., Tucson, AZ) as per the manufacturer’s protocol. All sections were 

counterstained with Giles’ hematoxylin and treated with Ventana Bluing ReagentTM.

Grading of labeling

Immunolabeling was evaluated by two investigators (SRH and AM) at a multi-headed 

microscope with consensus reached in all cases. Immunolabeling for the p16INK4A/CDKN2A 

gene product was evaluated as has been described27. Complete loss of nuclear labeling 

was considered “negative”, while any nuclear labeling was considered “positive”. 

Cases were considered “not evaluable” when the background non-neoplastic epithelial 

cells, stromal cells or inflammatory cells failed to label. The two p16 immunolabeling  

methods showed the same results in all cases. 

The immunolabeling for the MTAP gene product was interpreted in a similar fashion. 

Complete loss of labeling was considered “negative”, while any labeling was considered 

“positive”. Cases were considered “not evaluable” when the background non-neoplastic 

epithelial  cells, stromal  cells  or  inflammatory  cells  failed  to  label. 
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RESULTS

Patients

The 320 patients whose infiltrating pancreatic cancers were included in the tissue 

microarrays included 168 males and 152 females. Their mean age at the time of surgery 

was 66.5 years (range 32 to 90 years). The 40 patients whose infiltrating biliary cancers 

were included in the tissue microarrays included 17 males and 23 females. Their mean 

age at the time of surgery was 60.5 years (range 24 to 84 years). The 54 patients whose 

infiltrating ampullary cancers were included in the tissue microarrays included 30 males 

and 24 females. Their mean age at the time of surgery was 67.3 years (range 47 to 88 

years). The 35 patients whose non-invasive intraductal papillary mucinous neoplasms 

were included in the tissue microarrays included 16 males and 19 females. Their mean age 

at the time of surgery was 65.7 years (range 35 to 83 years). 

Gene status

Six xenografted pancreatic adenocarcinomas with known MTAP and p16INK4A/CDKN2A 

gene status were immunolabeled for the MTAP and p16INK4A/CDKN2A gene products 8. The 

three xenografted cancers with homozygous deletions known to encompass both of the 

p16INK4A/CDKN2A and MTAP genes showed complete loss of MTAP expression, while the 

three xenografted cancers with homozygous deletions of the p16INK4A/CDKN2A gene that 

did not include the MTAP gene (genetically intact MTAP) showed normal MTAP expression. 

In contrast, all six demonstrated complete loss of p16 expression, mirroring genetic 

status. This pilot study confirmed the feasibility of using MTAP immunohistochemistry  

as a reliable surrogate for MTAP gene status.

Immunolabeling

Immunolabeling for MTAP was lost in 91 of the 300 (30%) evaluable microaarayed  

primary infiltrating adenocarcinomas of the pancreas (Figure 1). The loss of labeling 

contrasted with intact labeling of surrounding non-neoplastic epithelial, inflammatory 

or stromal cells. In contrast, p16 labeling was lost in 251 of the 317 (79%) evaluable 

microarrayed infiltrating adenocarcinomas. Of the 91 cancers with loss of MTAP labeling, 

all 91 (100%) also demonstrated loss of p16 expression (Table 1). 

Of interest, 8 of the 24 microarrayed primary infiltrating adenocarcinomas of the  

pancreas with loss of MTAP expression were included in a previous genetic analysis of 

p16INK4A/CDKN2A gene status, and all 8 of these cancers with loss of MTAP expression had a 

p16INK4A/CDKN2A homozygous deletion.

Figure 1

Immunolabeling for the MTAP gene product revealing complete loss of expression in two infiltrating 
adeno carcinomas of the pancreas (A and B). In panel B the infiltrating carcinoma involves a pre-existing 
benign duct, providing a contrast between the intact expression in non-neoplastic ductal cells and the 
loss of expression in the cancer. Immunolabeling revealing intact expression of both MTAP (C ) and of the 
p16INK4A/CDKN2A gene product (D) in the same cancer. 

  
 Loss of p16INK4a Loss of MTAP Cases with 

   MTAP loss that 

    also lost p16INK4a

Infiltrating adenocarcinoma of the Pancreas 251/317 (79%) 91/300 (30%) 91/91 (100%)
Intraductal papillary mucinous neoplasms (IPMN) 20/35 (57%) 1/35 (3%) 1/1 (100%)
Ampullary adenocarcinoma  36/54 (67%) 9/54 (17%) 9/9 (100%)
Biliary carcinoma 22/35 (63%) 4/33 (12%) 4/4 (100%)

Tabel 1  Immunolabeling results
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Immunolabeling for MTAP was lost in 9 (17%) of 54 ampullary cancers, 4 (12%) of 33  

biliary cancers, and in 1 (3%) of 35 IPMNs (Table 1). All of the neoplasms with loss of MTAP 

labeling also demonstrated loss of p16 expression. 

DISCUSSION

The existing therapies for pancreatic and other periampullary adenocarcinomas are 

not effective. For example, while gemcitabine (Gemzar®) improves quality of life for 

patients with pancreatic cancer, but it has only minimal effect on life expectancy28. It 

should not be surprising that the 5-year survival rate for patients with pancreatic cancer 

has remained relatively unchanged, at less than 5%, for the past four decades2. 

The last ten years have, however, witnessed a revolution in our understanding of the 

genetics of pancreatic cancer. The somatic alterations found in pancreatic cancer 

include the activation of an oncogene, KRAS2 (in ~90% of the cancers); the inactivation 

of several tumor-suppressor genes including p16INK4A/CDKN2A (~95% of the cancers), TP53 

(50-70%), and MADH4/DPC4 (55%); and microsatellite instability in 4% 5. The p16INK4A/

CDKN2A gene is inactivated in 40% of pancreatic cancers by homozygous deletion, and 

these homozygous deletions can encompass adjacent genes, including the MTAP, IFNA1 

and IFNB1 genes 9,29. The genetic targeting of the MTAP gene is particularly interesting 

because MTAP inactivation can be exploited therapeutically22.

The MTAP gene product plays an important role in the synthesis of purines17,22. Adenine 

monophosphate (AMP) can be synthesized by one of two pathways in the cell. In the 

salvage pathway, the enzyme methylthioadenosine phosphorylase (MTAP) catalyzes 

the conversion of methylthioadenosine to adenine and methylthioribose-1-phosphate. 

Adenine then serves as a substrate for adenine monophosphate (AMP) synthesis. In the 

de novo pathway for AMP synthesis, de novo purine biosynthesis leads to the production 

of IMP22 and IMP is then converted to AMP. L-Alanosine, the L-isomer of alanosine, is a 

potent inhibitor of the de novo pathway of AMP synthesis22. This inhibitor has anti-tumor 

effects on MTAP-deleted cancers22. Our results, therefore suggest that inhibitors of de 

novo purine biosynthesis may be effective against one-third of adenocarcinomas of the 

pancreas. 

Importantly, the availability of sensitive and specific immunolabeling for the MTAP 

gene product suggests that patients can be identified who would benefit most from 

therapies targeting de novo purine biosynthesis. Biopsies and resection specimens can 

be immunolabeled for the MTAP gene product. Those patients whose cancers show a 

complete loss of MTAP expression can be offered treatment with inhibitors of the de 

novo purine synthesis pathway, while those patients whose cancers show intact MTAP 

expression can be spared an ineffective therapy.

In addition, our results suggest that immunolabeling for both p16 and MTAP can be 

used as a surrogate marker for p16INK4A/CDKN2A homozygous deletions in tissues. The 

concordant loss of both proteins is highly suggestive of a p16INK4A/CDKN2A homozygous 

deletion. Intact expression of MTAP, however, would not rule out a homozygous deletion, 

because approximately half of all homozygous deletions of the p16INK4A/CDKN2A gene do 

not include the MTAP gene.  

Immunolabeling that indicates p16INK4A/CDKN2A homozygous deletions is particularly 

useful in cancers with low neoplastic cellularity such as pancreatic cancer, because genetic 

analyses for homozygous deletions require almost pure populations of neoplastic cells. 

Furthermore, because immunolabeling can be performed on tissue sections with intact 

morphology, immunolabeling for MTAP can be used to define the tissue architecture of 

p16INK4A/CDKN2A gene homozygous deletions. 
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ABSTRACT

The p16INK4A/CDKN2A (p16) gene on chromosome 9p21 is inactivated in >90% of  

invasive pancreatic cancers. In 40% of pancreatic cancers the p16 gene is inactivated by 

homozygous deletion, in 40% by an intragenic mutation coupled with loss of the second 

allele, and in 10-15% by hypermethylation of the p16 gene promoter. Immunohisto 

chemical labeling for the p16 gene product parallels gene status, but does not provide 

information of the mechanism of p16 gene inactivation. The methylthioadenosine 

phosphorylase gene (MTAP) gene also resides on chromosome 9p21, approximately 

100 kilobases telomeric to the p16 gene. The MTAP gene is frequently contained within 

p16 homozygous deletions, producing concordant loss of both p16 and MTAP gene 

expression. Concordant loss of both p16 and MTAP protein expression can therefore be 

used as a surrogate marker for p16 homozygous deletion. Here we immunolabeled a 

series of pancreatic intraepithelial neoplasia (PanIN) lesions of various histologic grades 

for the p16 and MTAP gene products using a high-throughput PanIN tissue microarray 

(TMA) format. We demonstrate concordant loss of p16 and MTAP protein expression in 

6/73 (8%) PanINs, including 5 high-grade lesions and 1 low-grade lesion. Immunolabeling 

for both p16 and MTAP protein expression provides a tool to evaluate tissues with 

 intact morphology for p16 gene homozygous deletions. The concordant loss of expression 

of both genes in PanIN lesions demonstrates that homozygous deletions of the p16  

tumor suppressor gene can occur in non-invasive precursor lesions. 

INTRODUCTION

Pancreatic intraepithelial neoplasia (PanIN) is a powerful system to study non-invasive 

precursors of an infiltrating cancer. First, the disease is important. The infiltrating cancer 

associated with PanINs, infiltrating adenocarcinoma of the pancreas, is the fourth  

leading cause of cancer death1. This year approximately 31,000 Americans will be 

diagnosed with PanINs infiltrating adenocarcinoma of the pancreas and 31,000 will die 

from it. Second, PanINs are histologically well-defined. An international consensus has 

been developed for the classification and grading of PanINs, allowing investigators at one 

institution to compare their results directly with findings from another institution2. Third, 

the genetics of PanINs are well described, and a progression model for the occurrence of 

genetic alterations in PanINs has been developed3. Telomere shortening and activating 

point mutations in the KRAS2 oncogene occur early in PanIN-1 lesions, the p16INK4A/

CDKN2A (henceforth referred to as p16) gene is inactivated in intermediate and late lesions  

(PanINs 2 and 3), and the TP53, MADH4, and BRCA2 genes are inactivated late, in 

PanIN-3 lesions 4-10. One of the most important of the genetic alterations in infiltrating 

adenocarcinoma of the pancreas and in PanIN, as judged by its high prevalence, is 

inactivation of the p16 gene. The p16 gene is inactivated in 40% of pancreatic cancers by 

homozygous deletion, in 40% by an intragenic mutation coupled with loss of the second 

allele, and  in  15%  by  hypermethylation  of  the  p16  gene promoter11-13.  Immunohistochemical 

labeling has demonstrated that 30% of PanIN-1 lesions, 55 % of PanIN-2 lesions, and  

70% of PanIN-3 lesions show loss of expression of the p16 gene product14. The mechanism 

of this loss of expression in PanINs is, however, not well-defined. In specific, because 

almost pure samples are required to detect homozygous deletions by analysis of DNA 

(even a small amount of normal tissue may obscure the deletion), it is extremely difficult to 

detect homozygous deletions in tissue sections. The “tissue architecture” of homozygous 

deletions of the p16 gene in infiltrating adenocarcinoma of the pancreas and its  

precursors remains poorly defined. 

Immunolabeling for both the MTAP and p16 gene products provides a unique  

opportunity to define the architecture of p16 homozygous deletions in tissue sections.  

The MTAP gene is located approximately 100 kilo bases telomeric to the p16 gene on 

chromosome 9p2115. The MTAP gene is contained in the p16 homozygous deletion in  

90% of malignant mesotheliomas, in 75 to 100% of T cell acute lymphoblastic leukemias, 

and in 50% to 100% of pancreatic cancers16-19. Importantly, immunolabeling for the MTAP 

protein closely mirrors gene status. For example, our group has recently demonstrated 

that loss of MTAP expression in pancreatic cancers is present in only a subset of cases  

with known p16 gene homozygous deletions, specifically that subset where the 

9p21 deletion is large enough to encompass the MTAP gene20. Secondly, using a  

high-throughput microarray approach, our group studied a series of >440 pancreatic 

and peri-ampullary cancers, and found that loss of MTAP expression in these cancers 

always occurs in conjunction with loss of p16 protein expression20, confirming 

that immunolabeling for the MTAP protein can be used as a surrogate marker for  

homozygous deletions of the p16 gene. In this study, we extend this unique  

opportunity for determining mechanism of gene inactivation to preneoplastic 

lesions of pancreatic cancer, and demonstrate concordant loss of both p16 and MTAP 

gene expression in a series of PanIN lesions, thereby establishing the existence of  

homozygous deletions in a non-invasive precursor to an invasive cancer.
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MATERIALS AND METHODS

Tissues

The study was approved by the Johns Hopkins Institutional Review Board. Paraffin-

embedded tissue blocks of pancreatectomy specimens were retrieved from the Surgical 

Pathology archives of the Johns Hopkins Hospital; all blocks were retrieved from cases  

that were resected for ductal adenocarcinoma of the pancreas. PanIN lesions were 

identified in the adjacent pancreata by two pathologists extensively familiar with  

PanIN morphology (R.H.H. and A.M.), and tissue microarrays (TMAs) were created 

from these lesions as previously described9 . Two TMA slides encompassing 90 

individual PanIN lesions and a variety of non-neoplastic, non-pancreatic organs were  

constructed. The PanINs were graded using an internationally established nomenclature 

and grading scheme2. In order to simplify analyses, PanINs-1A and 1B were combined  

into “low-grade” and PanINs-2 and 3 into “high-grade”, as we have previously described7.  

MTAP labeling

We utilized a newly developed immunohistochemical assay for the detection of absence 

of MTAP expression using a novel monoclonal anti-MTAP antibody developed by GeneTex 

Inc., San Antonio, TX and Salmedix, Inc., San Diego,CA. Unstained four-micron sections 

were cut from each TMA block and deparaffinized by routine techniques. Antigen 

retrieval was performed by incubating the tissue-sections in Borg Decloaker at 120 ˚C 

(Biocare Medical, CA) for 3 minutes, followed by trypsin incubation for 5 minutes at room 

temperature. The sections were incubated with 20µg/ml of the monoclonal antihuman 

MTAP antibody (Clone 6.9, Salmedix, Inc., San Diego, CA). Incubation of labeled polymer 

(Dako, Envision Plus Detection Kit, Carpinteria, CA) was carried out for 30 minutes at 

room temperature. The peroxidase reaction was visualized by incubating with DAB (3,3’- 

diaminobenzidine tetrahydrochloride) for 5 minutes.

p16 labeling

Serial four-micron paraffin sections were obtained from the two TMA blocks and 

deparaffinized by routine techniques before they underwent a 38 minute pretreatment 

using Ventana Cell Conditioner 1 (Ventana Medical Systems, Inc., Tucson, AZ) after the 

slides had been warmed up for 8 minutes at 95 °C and for 4 minutes at 100°C. The slides 

where quenched with 3% H2O2 for 4 minutes before incubating with a mouse monoclonal 

antihuman p16 antibody in it’s prediluted ready to use form (Clone 16P04, Catalog 

No.CMA811, Cell Marque Corp., Hot Springs, AR.) for 28 minutes using the automated 

Ventana Benchmark XT (Ventana Medical Systems, Inc., Tucson, AZ). Labeling was 

detected with the iVIEWTM DAB Detection Kit (Ventana Medical Systems, Inc., Tucson, 

AZ) as per the manufacturer’s protocol. All sections were counterstained with Giles’ 

hematoxylin and blued in Ventana Bluing ReagentTM.

Grading of labeling

Immunolabeling was evaluated by three investigators (S.H., R.H.H., A.M.) at a multi-

headed microscope with consensus reached in all cases. Immunolabeling for the 

p16 gene product was evaluated as has been described. Complete loss of nuclear 

labeling was considered negative, while any nuclear labeling was considered positive. 

The immunolabeling for the MTAP gene product was interpreted in a similar fashion.  

Complete loss of cytoplasmic labeling was considered negative, while any labeling was 

considered positive

RESULTS

Of the 90 PanIN lesions arrayed on the two TMA slides, 73 (81%) were appropriate 

for evaluation for both MTAP and p16 immunohistochemical labeling. The attrition 

occurred primarily due to “missing” the intraductal lesion during array construction, and  

occasionally due to tissue artifacts. The 73 PanIN lesions included 41 (56%) low-grade 

lesions and 32 (44%) high-grade lesions. Robust MTAP expression was seen in 66/73 (90%) 

PanINs, and when present, MTAP labeling almost always involved the entire circumference 

of the intraductal lesion (Figure 1A). By contrast, complete loss of MTAP labeling was seen 

in 6/73 (8%) of PanIN lesions, and included 5 high-grade and 1 low-grade PanIN. Loss of 

MTAP expression involved all neoplastic cells within the PanIN lesion in the six cases (Figure 

1B), and adjacent non-neoplastic ductal epithelium and/or acinar tissue were generally  

available within the TMA core to ensure adequacy of staining. Six of 6 (100%) of PanINs with 

loss of MTAP expression also demonstrated loss of p16 labeling, i.e., loss of MTAP labeling 

with retained p16 expression was not seen in our series of PanIN lesions. Of note, one  

PanIN-3 lesion demonstrated loss of MTAP labeling in a portion of the epithelium, with an 

abrupt transition to a segment with intact expression (Figure 1C). On the serial section, 

retained p16 labeling was present in the identical region of the epithelium, suggesting 

a homozygous loss of both genes within a portion of the precursor lesion (Figure 1D). 

Interestingly, the morphologic appearance of the segment of the PanIN-3 with loss of p16 

and MTAP was similar to the morphologic appearance of focus of the PanIN-3 with intact 

p16 and MTAP expression. This single PanIN-3 lesion with “focal” p16 and MTAP expression was 

excluded from the final analysis. 
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The concordant loss of both p16 and MTAP gene expression, as found here in PanIN lesions, 

essentially demonstrates that a homozygous deletion in a tumor suppressor gene had occurred 

in a non-invasive precursor lesion to invasive pancreatic cancer. This conclusion is analogous 

to previous molecular analyses of PanIN lesions demonstrating bi-allelic inactivation by a 

combination of hemizygous deletion and intragenic mutation5,6, and adds to the growing body 

of literature that illustrates a progression of genetic alterations from morphologically normal 

ductal epithelial cells, to PanIN lesions, to infiltrating ductal adenocarcinoma2, 4, 8. 

The immunolabeling approach described here has several advantages over formal  

molecular genetic analyses. The latter analyses do not preserve tissue histology and therefore  

may not detect topographically focal deletions of the p16 gene, as they rely on the 

microdissection of morphologically identifiable lesions22, 23. These microdissections are likely 

to comingle cells having different p16 gene status in instances where the cells have an identical 

morphologic appearance. Microdissection can therefore obscure deletions that do not involve 

an entire morphologically defined lesion. In addition, molecular analyses of DNA samples for 

p16 homozygous deletions in tissue sections are extremely time consuming and cumbersome. 

By contrast, the approach here can be performed in any routine immunohistochemistry lab. 

Additional potential applications of the technique presented here include: 1) the analyses of 

precursor lesions and invasive cancers of other organs, and 2) the analyses of metachronous 

carcinomas to determine whether they represent a primary and a metastasis, or two 

independent primary tumors. For example, the finding of a homozygous deletion of the p16 

gene in a patient’s first carcinoma and intact p16 in their second carcinoma would provide 

strong evidence that the second neoplasm was an independent second primary.Although 

the immunolabeling approach presented here can define some patterns of p16  gene 

homozygous deletions in tissue sections, it has several limitations that should be  

acknowledged. First, depending on the size of the homozygous deletion, some homozygous 

deletions of the p16 gene will not encompass the MTAP gene. For example, the MTAP gene is 

not contained in the p16 homozygous deletion in ~10% of malignant mesotheliomas19.  

Therefore, a fraction of 10% of p16 homozygous deletions would be missed by immunolabeling 

studies of the MTAP gene product. Conversely, although there is a very high correlation between 

MTAP protein expression and MTAP gene status, homozygous deletion of both genes may 

not be the only mechanism by which the MTAP gene is inactivated. Although these alternate  

mechanisms of MTAP gene inactivation (e.g., promoter methylation) are theoretically possible,  

our data on >440 pancreatic and periampullary cancers suggest that this appears to be  

essentially  bsent in the pancreas 20. 

In summary, combined immunolabeling for the MTAP and p16 gene products can be used as a 

surrogate marker for homozygous deletions of the p16 gene in tissue sections. Here we use this 

approach to demonstrate the homozygous deletion of the p16 gene in a series of non-invasive 

precursor lesions to an invasive cancer.

Chapter 7

DISCUSSION

In this study we take advantage of the frequent co-deletion of two genes to develop a 

simple immunolabeling technique to identify sites of homozygous deletion in formalin-fixed 

paraffin-embedded tissue sections. Immunolabeling for the MTAP protein can be used as 

a surrogate marker for homozygous deletions of the p16 gene because the MTAP gene is 

frequently included in the p16 homozygous deletion, and because MTAP protein expression 

closely correlates with MTAP gene status16, 19-21. In addition, when immunolabeling for the 

p16 gene product is combined with immunolabeling for MTAP, the loss of labeling for both 

MTAP and the p16 gene product in the exact same lesions or portions of lesions supports a 

common mechanism of inactivation for these two genes. 

A. Intact MTAP labeling in a high-grade PanIN lesion. 
B. Loss of MTAP labeling in a high-grade PanIN lesion. Note retained expression in subjacent normal 
pancreatic ductal epithelium.
C. Partial loss of MTAP expression in a PanIN lesion with retained expression within a portion of the duct 
(arrow)
D. Serial section of tissue microarray demonstrates loss of p16 labeling with retained nuclear labeling within 
the identical focus (arrow) in the PanIN lesion.

Concordant Loss of MTAP and P16/CDKN2A Expression in Pancreatic Intraepithelial Neoplasia: 

Evidence Of Homozygous Deletion in a Non-invasive precursor lesion

Figure 2
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General summary and concluding remarks

Pancreatic cancer is a devastating disease. In the United States approximately 33,000 

patients are diagnosed with pancreatic cancer annually, and nearly an equal number 

will die from the disease, representing the fourth most common cause of cancer related 

mortality. Most pancreatic ductal adenocarcinomas (approximately 85%) are diagnosed 

at a late, incurable stage. The poor prognosis and late presentation of pancreatic cancer 

patients underscore the importance of an effective early detection strategy for patients 

at risk of developing pancreatic cancer. Early detection strategies may improve patient 

survival by detecting pancreatic ductal adenocarcinoma while it is still resectable and 

potentially curable.

The possibility for early detection of pancreatic cancer may be realized through an 

improved understanding of the histology and molecular genetics of precursor lesions and 

cancerous lesions in pancreatic cancer in conjunction with the development of sensitive 

and specific screening tests to detect early pancreatic cancer1. The increasing knowledge 

of the pathway activation profile in pancreatic cancer may yield new targets but also new 

markers to select patients and guide and predict therapy efficacy2. It is hoped for the 

future that the understanding of genetic alterations will lead to the rapid discovery of an 

effective biomarker of pancreatic carcinogenesis.

Chapter 1 of this thesis reviews the state of the art concerning the molecular insights of 

pancreatic carcinogenesis. Intensive research over the last two decades has shown that 

pancreatic cancer is fundamentally a genetic disease, caused by inherited germline and/

or acquired somatic mutations in cancer-associated genes. Furthermore, identifying 

precursor lesions within pancreatic ducts has led to the formulation of a progression  

model of pancreatic cancer and subsequent identification of early- and late- changes 

leading to invasive cancer. It has uncovered multiple alterations in genes that are 

important in pancreatic cancer progression. The recognition that invasive pancreatic 

ductal adenocarcinomas arise from noninvasive intraductal precursors has highlighted 

the need for more accurate molecular markers that can not only accurately diagnose 

pancreatic cancer but can ultimately also identify these precancerous lesions3.

Chapter 2 gives the outline of this thesis in which we studied pancreatic carcinogenesis 

in our search for novel potential biomarkers for pancreatic cancer. Pancreatic ductal 

adenocarcinoma is still one of the most lethal cancers of all human malignancies. The poor 

prognosis and late presentation of pancreatic cancer patients emphasize the importance 

of early detection, which is the sine qua non for the fight against pancreatic cancer.

Therefore, in Chapter 3 we visited the publicly available online SAGE libraries to 

evaluate global gene expression in pancreatic cancer and to select novel differentially 

expressed genes that might serve as diagnostic markers or as a lead for further research 

to therapeutic targets. We identified 395 differentially expressed genes in pancreatic 

cancer. Of those 223 were overexpressed and 172 were underexpressed. The differential 

expression of seven genes, involved in multiple cellular processes such as signal 

transduction (MIC-1), differentiation (DMBT1 and Neugrin), immune response (CD74), 

inflammation (CXCL2), cell cycle (CEB1) and enzymatic activity (Kallikrein 6), was confirmed 

by either immunohistochemical labeling of tissue microarrays or by RT-PCR. Therefore 

SAGE continues to be a highly reliable public available global profiler technology of which 

knowledge can be gleaned to further characterize the pathobiology of pancreatic cancer 

and for identification of novel biomarkers. Moreover we used TAGmapper, a new open 

source biocomputational tool, to successfully map 16 of 58 previously unassigned SAGE 

tags.

To provide an additional set of novel potential biomarkers for pancreatic ductal 

adenocarcinoma we used bioinformatics tools in Chapter 4 to reanalyze microarray 

data in the setting of pancreatic cancer. We characterized 60 previously unassigned 

ESTs and mapped most of them to known genes. The differential expression of a subset 

of genes was confirmed at the protein level by immunohistochemical labeling of tissue 

microarrays (Inhibin β A and CD29) and/or at the transcript level by RT-PCR (Inhibin β A, 

AKAP12, ELK3, EIF5A2, and EFNA5). We concluded that bioinformatics tools can be used 

to characterize differentially overexpressed ESTs, and that some of these ESTs may  

represent diagnostically and therapeutically useful targets.

In addition, in Chapter 5 we studied the expression and prognostic significance of 14-

3-3σ and ERM family protein expression in pancreatic ductal adenocarcinomas, with 

the purpose to determine whether chemoradiotherapy response is influenced by the 

expression of these proteins. We compared expression patterns to those in ampullary 

cancers and in intraductal papillary mucinous neoplasms (IPMNs), neoplastic precursors 

to pancreatic ductal adenocarcinomas. Two-hundred fourty-four (82%) primary 

infiltrating adenocarcinomas of the pancreas demonstrated positive expression of the 

14-3-3σ protein, 45 (15%) showed weak immunolabeling, and 9 (3%) were negative. 201 

(68%) showed positive immunolabeling of the ERM proteins, 75 (25%) demonstrated weak 

expression and 20 (7%) no expression. A similar proportion of ampullary cancers showed 

14-3-3σ and ERM protein expression. The protein expression was significantly more 

common in poorly differentiated pancreatic cancers. Among the subgroup of patients 
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who had received adjuvant chemoradiotherapy, the expression status of these proteins in 

their pancreatic cancers was not associated with a difference in patient survival.

Novel therapies are being developed specifically exploiting the genetic deletions and 

resultant absolute biochemical deficiencies present in cancer. In Chapter 6 we showed 

that pancreatic cancer is a promising cancer type to explore novel chemotherapeutic 

strategies to exploit the selective loss of MTAP function. We found that immunolabeling 

for  the  MTAP gene  product  mirrored  gene status and  that  approximately 30% of  infiltrating 

pancreatic adenocarcinomas had complete loss of MTAP expression. These findings 

suggest that patients with pancreatic cancer could be biopsied and their cancers tested 

immunohistochemically for MTAP. In the future, those patients whose cancers show a 

complete loss of MTAP expression could be offered treatment with inhibitors of the de 

novo purine synthesis pathway. In addition, we showed that the loss of immunolabeling 

for both MTAP and p16 may be used as a marker for homozygous deletions of the p16  

gene in tissue sections.

Therefore, immunolabeling for both p16 and MTAP protein expression provided a 

tool to evaluate tissues with exact morphology for p16 gene homozygous deletions. In 

Chapter 7 we immunolabeled a series of pancreatic intraepithelial neoplasia (PanIN) 

lesions of various histologic grades for the p16 and MTAP gene products using a high-

throughput PanIN tissue microarray format. We demonstrated concordant loss of p16 

and MTAP protein expression in 6/73 (8%) PanINs, including five high-grade lesions and 

one low-grade lesion. The concordant loss of expression of both genes in PanIN lesions 

demonstrated that homozygous deletions of the p16 tumor suppressor gene can occur 

in noninvasive precursor lesions, which adds to the growing body of literature that 

illustrates a progression of genetic alterations from morphologically normal pancreatic 

ductal epithelial cells, to PanIN lesions, to infiltrating ductal adenocarcinoma.

In summary, in this thesis we described potential clinically useful biomarkers for 

pancreatic carcinogenesis, discovered by analyzing unique cancer specific genetic 

alterations, differential expressed mRNA genes and protein changes in pancreatic cancer. 

Our increased knowledge of the molecular changes in pancreatic cancer and in different 

PanIN stages may provide the basis for developing more sensitive screening strategies 

and the identification of new drug targets enabling rational drug design. However, just 

as important as the discovery of new biomarkers is their validation. The suitability of 

these markers for early detection of pancreatic cancer has to be determined in future 

studies. The true operating characteristics of each marker or panel of markers need to be  

assessed in normal pancreatic tissue, precancerous stages, various stages of invasive 

pancreatic cancer and in benign diseases such as chronic pancreatitis. A thorough 

understanding of the relative relevance of each biomarker will be key to efficiently 

diagnose pancreatic cancer and direct patients towards the drugs more likely to be of 

benefit based on their particular profile. Depending on their diagnostic attributes, the 

secreted biomarkers may be used to detect pancreatic cancer in a variety of clinical 

situations using specimens such as serum, pancreatic juice, stool, fine-needle aspirates of 

pancreatic masses, or brush cytology specimens of the pancreatic duct1-3. 

Clearly, we also need to advance our understanding of the molecular genetics of 

pancreatic cancer, so that new tests can be developed that are both sensitive and specific 

for early stages of this disease. The past decade has brought tremendous progress in 

understanding of the genetic changes of pancreatic cancer, but the high mortality rate 

and paucity of therapeutic options highlight the need to apply this extensive genetic 

knowledge to patient care4. In addition, the mechanisms of drug resistance of pancreatic 

adenocarcinomas need to be determined.

Finally, major efforts in pancreatic cancer research should focus on high-risk groups 

who have an inherited predisposition for pancreatic cancer in developing an effective 

screening program for the identification of early precursor lesions or pre-invasive cancer 

at a stage amenable to curative resection. The identification of individuals at risk for 

the development of pancreatic adenocarcinoma is essential to increase the power of 

the research programs. Together with the development of new preclinical models, like 

transgenic mouse models that will recapitulate early stages of pancreatic carcinogenesis, 

these points of interest are of paramount importance for the future of pancreatic cancer 

research to achieve our final goal: catching the horse before it has fled the barn.  

Chapter 8 General summary 
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Samenvatting

Pancreascarcinoom is een dodelijke ziekte. In de Verenigde Staten wordt het jaarlijks 

bij 33.000 mensen gediagnosticeerd en bijna een even groot aantal mensen sterft aan 

deze ziekte, daarmee de vierde oorzaak van kankergerelateerde sterfte. De meeste 

pancreascarcinomen (ongeveer 85%) worden gediagnosticeerd in een ongeneeslijk 

stadium. De slechte prognose en de late presentatie van pancreascarcinoom onderschrijft 

het belang van vroege detectie bij patiënten met een verhoogd risico op het krijgen van 

pancreascarcinoom. Vroege detectie kan de patiëntoverleving verbeteren, aangezien het 

in een vroeg stadium nog te resecteren en te genezen is.

De mogelijkheid tot vroege detectie kan gerealiseerd worden door een beter begrip van de 

histologie en moleculair genetische veranderingen in voorloperstadia en tumor laesies van 

pancreascarcinoom, in combinatie met de ontwikkeling van sensitieve en specifieke testen 

om pancreascarcinoom in een vroeg stadium te ontdekken. De toegenomen kennis over 

de tumorprogressie cascade van pancreascarcinoom heeft tot gevolg dat er nieuwe genen, 

maar ook nieuwe markers kunnen worden ontdekt, waarmee de effectiviteit van een 

bepaalde therapie kan worden voorspeld. Het is te hopen voor de toekomst dat het inzicht 

in de verschillende genetische veranderingen zal leiden tot de ontdekking van effectieve 

markers voor de pancreas carcinogenese.

Hoofdstuk 1 van dit proefschrift beschrijft de huidige stand van zaken wat betreft de 

moleculaire inzichten in de pancreas carcinogenese. Intensief onderzoek van de laatste  

twee decennia heeft aangetoond dat pancreascarcinoom een genetische ziekte 

is, veroorzaakt door aangeboren kiemcel en/of verworven somatische mutaties in 

kankergerelateerde genen. De ontdekking van de precursor laesies in de pancreas duct 

heeft geleid tot de formulering van een progressiemodel van pancreascarcinoom en tot 

de verdere identificatie van vroege en late veranderingen leidend tot invasieve kanker. 

Het heeft de vele veranderingen in genen, die belangrijk zijn in de pancreascarcinoom 

ontwikkeling, belicht. De ontdekking dat invasief pancreas ductaal adenocarcinoom 

ontstaat uit een niet-invasieve ductale precursor benadrukt de noodzaak van meer accurate 

moleculaire markers, die niet alleen pancreascarcinoom goed kunnen diagnosticeren,  

maar  ook  vooral  de  voorloper  tumorstadia  kunnen  identificeren. 

Hoofdstuk 2 geeft de algemene lijn aan van dit proefschrift, waarin we de pancreas 

carcinogenese hebben bestudeerd in onze zoektocht naar nieuwe potentiële markers 

voor pancreascarcinoom. Pancreas ductaal adenocarcinoom is nog steeds één van de 

meest dodelijke vormen van kanker. De slechte prognose en de late presentatie van 

pancreascarcinoom benadrukt het belang van vroege detectie, een sine qua non voor de 

strijd tegen pancreascarcinoom. 

Daarom bezochten wij in Hoofdstuk 3 de openbare SAGE (Serial Analysis of Gene Expression)  

bibliotheek   internetpagina  om  de   globale   genexpressie  in  pancreascarcinoom te 

evalueren en zodoende nieuwe genen te selecteren die als potentiële diagnostische 

markers of als richtingaanwijzer voor toekomstig therapeutisch onderzoek kunnen 

dienen. Wij identificeerden 395 genen die verhoogd of verlaagd tot expressie 

kwamen in pancreascarcinoom. Hiervan kwamen er 223 verhoogd en 172 verlaagd tot 

expressie. De expressie van zeven genen, betrokken in verschillende celprocessen zoals 

signaaloverdracht (MIC-1), differentiatie (DMBT1 en Neugrin), immuunrespons (CD74), 

ontsteking (CXCL2), celcyclus (CEB1) en enzym activiteit (Kallikrein 6),  werd  bevestigd door  

immunohistochemische kleuring van tissue micro arrays (weefselcoupes) of door RT-PCR.  

We concludeerden dat SAGE nog steeds een hoogwaardig betrouwbare, openbaar 

beschikbare technologie is om kennis te vergaren om de pathobiologie van 

pancreascarcinoom verder te karakteriseren en om nieuwe markers te identificeren. 

Daarnaast maakten wij gebruik van TAGmapper, een nieuwe openbaar beschikbare 

bioinformatica methode, waarmee wij 16 van de 58 voormalig onbekende SAGE fragmenten 

succesvol konden identificeren.

Om een extra groep potentiële nieuwe markers voor pancreas ductaal adenocarcinoom te 

vinden, maakten wij in Hoofdstuk 4 gebruik van bioinformatica methoden om microarray 

gegevens over pancreascarcinoom te analyseren. Wij identificeerden 60 voormalig 

onbekende EST (expressed sequence tags) fragmenten en koppelden de meerderheid aan 

bekende genen. De expressie van genen die verhoogd en verlaagd tot expressie kwamen 

werd bevestigd op eiwitniveau door immunohistochemische kleuring van tissue micro 

arrays (Inhibin β A en CD29) en op transcriptieniveau met RT-PCR (Inhibin β A, AKAP12, ELK3, 

EIF5A2, en EFNA5). We concludeerden dat bioinformatica methoden gebruikt kunnen 

worden om EST fragmenten te kunnen identificeren en dat sommige van deze EST 

fragmenten potentiële nieuwe diagnostische en therapeutisch relevante doelwitten zijn. 

Vervolgens bestudeerden we in Hoofdstuk 5 de expressie en de prognostische relevantie  

van 14-3-3σ en ERM familie eiwitten in pancreas ductaal adenocarcinoom, om te 

onderzoeken of chemoradiotherapie respons beïnvloed wordt door de expressie van 

deze eiwitten. We vergeleken de expressiepatronen met die van papilcarcinomen en 

“intraductal papillary mucinous neoplasms” (IPMN’s), een voorloperstadium van 

pancreascarcinoom. 244 (82%) primair infiltratieve adenocarcinomen van het pancreas 
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toonden positieve expressie van het 14-3-3σ eiwit, 45 (15%) lieten zwakke immunokleuring 

zien, en 9 (3%) waren negatief. 201 (68%) toonden positieve immunokleuring van de ERM 

eiwitten, 75 (25%) lieten zwakke expressie zien en 20 (7%) geen expressie. Een  overeenkomstig 

gedeelte van de papilcarcinomen toonde 14-3-3σ en ERM eiwit expressie. Eiwit  

expressie was significant meer positief in slecht gedifferentieerde pancreascarcinomen. 

Onder de subgroep van patiënten die adjuvante chemoradiotherapie had ontvangen, bleek  

de expressie van deze eiwitten in pancreascarcinoom niet geassocieerd met een verschil  

in patiëntoverleving.    

Nieuwe therapieën zijn in ontwikkeling, waarbij gebruik gemaakt wordt van specifieke 

genetische deleties en de daarbij behorende absolute biochemische deficiënties in   

kanker. In Hoofdstuk 6 lieten we zien dat pancreascarcinoom een hoopgevend kanker 

type is voor de ontwikkeling van nieuwe chemotherapeutica, waarbij gebruik gemaakt 

wordt van het selectieve verlies van MTAP functie. Wij vonden dat immunokleuring voor 

het MTAP gen overeenkomt met de gen status en dat ongeveer 30% van de infiltratieve 

pancreascarcinomen volledig verlies had van MTAP expressie. Deze resultaten suggereren 

dat patiënten met pancreascarcinoom baat zouden kunnen hebben bij een biopsie, 

waarna hun tumoren met immunohistochemie getest kunnen worden voor MTAP. In 

de toekomst zouden de patiënten, die een volledig verlies van MTAP expressie blijken te 

hebben, een behandeling aangeboden kunnen krijgen met remmers van de de novo purine 

synthese. Daarnaast toonden wij aan dat het verlies van immunokleuring van zowel MTAP 

als p16 gebruikt kan worden als marker voor homozygote deleties van het p16 gen op 

weefselcoupes.

Zodoende bood immunohistochemische kleuring van p16 en MTAP eiwit expressie ons  

een manier om de exacte morfologie van homozygote deleties van het p16 gen in weefsel  

te evalueren. In Hoofdstuk 7 kleurden wij een serie van “pancreatic intraepithelial 

neoplasia” (PanIN) laesies van verschillende histologische stadia voor p16 en MTAP gen 

producten op een PanIN tissue micro array. We toonden gelijktijdig verlies van p16 en  

MTAP eiwit expressie aan in 6/73 (8%) PanIN’s, inclusief vijf hooggradige laesies en één 

laaggradige laesie. Het gezamenlijke verlies van expressie van beide genen in PanIN laesies 

toonde dat homozygote deleties van het p16 tumorsupressor gen kunnen optreden in  

niet-invasieve precursor laesies, hetgeen toegevoegd kan worden bij de groeiende 

literatuur over het feit dat de accumulatie van genetische veranderingen parallel verloopt 

met de morfologische veranderingen van normale pancreascellen, naar PanIN laesies, naar 

uiteindelijk invasief ductaal adenocarcinoom.   

Samenvattend, in dit proefschrift hebben we verschillende potentieel klinisch bruikbare 
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markers voor pancreas carcinogenese beschreven, gevonden door het analyseren 

van kankerspecifieke genveranderingen, verschillende mRNA genexpressies en 

eiwitveranderingen in pancreascarcinoom. De toegenome kennis van moleculaire 

veranderingen in pancreascarcinoom en in de verschillende PanIN stadia kan misschien 

de basis bieden voor het ontwikkelen van meer sensitieve detectiemethoden en de  

identificatie van nieuwe aangrijppunten voor geneesmiddelen. Desalniettemin, even 

belangrijk als de ontdekking van nieuwe markers is hun validatie. De bruikbaarheid van 

deze markers moet worden onderzocht in normaal pancreasweefsel, voorloperstadia, 

verschillende tumorstadia van pancreascarcinoom en in goedaardige aandoeningen,  

zoals chronische pancreatitis. Een duidelijk begrip van de relatieve relevantie van elke 

marker is essentieel om de diagnose pancreascarcinoom efficiënt te kunnen stellen en om 

patiënten te kunnen adviseren welke geneesmiddelen het meest geschikt zijn op basis 

van hun persoonlijke genetische profiel. Afhankelijk van hun diagnostische kenmerken 

kunnen de gesecerneerde markers gebruikt worden om pancreascarcinoom te detecteren 

in verschillende klinische vormen zoals in serum, pancreassap, faeces, dunne naald  

aspiratie van pancreascellen, of brush cytologie van de ductus pancreaticus.    

Daarnaast is het noodzakelijk om ook onze kennis van de moleculair genetische 

veranderingen bij pancreascarcinoom te verbeteren, opdat nieuwe testen ontwikkeld 

kunnen worden, die zowel sensitief als specifiek zijn voor vroege stadia van deze ziekte. 

Het afgelopen decennium hebben we veel progressie geboekt met onze kennis over de 

verschillende genetische veranderingen in de pancreas carcinogenese, maar de hoge 

mortaliteit en het gebrek aan therapeutische opties benadrukken de noodzaak deze kennis 

te gebruiken voor de patiëntenzorg. Ook is het nodig dat de resistentiemechanismen  

van pancreascarcinoom voor chemotherapie nader worden onderzocht.

Tot slot is het belangrijk dat het pancreaskanker onderzoek zich zal toespitsen op mensen 

met een erfelijk verhoogd risico op pancreascarcinoom om een effectief surveillance 

programma te ontwikkelen om de vroege precursor stadia te ontdekken, waarbij  

chirurgische resectie nog een curatieve optie is. De identificatie van mensen met een 

verhoogd risico op pancreascarcinoom is essentieel om de power van de 

onderzoeksprogramma’s te vergroten. Samen met de ontwikkeling van nieuwe 

muismodellen, waarin gekeken kan worden naar de vroege stadia van de pancreas 

carcinogenese, zijn deze actiepunten van levensgroot belang voor de toekomst van 

pancreascarcinoom onderzoek om het hoogste doel te bereiken: 

catching the horse before it has fled the barn. 
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