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Background d 

AA multistep model of carcinogenesis has recently been proposed for pancreatic ductal adenocarcinomas. 

InIn this model, noninvasive precursor lesions in the pancreatic ductules accumulate genetic alterations in 

cancerassociatedd genes eventually leading to the development of an invasive cancer. The nomenclature 

forr these precursor lesions has been standardized as pancreatic intraepithelial neoplasia or PanlN. Despite 

thee substantial advances made in understanding the biology of invasive pancreatic adenocarcinomas, 

littlee is known about the initiating genetic events in the pancreatic ductal epithelium that facilitates its 

progressionn to cancer. Telomeres are distinctive structures at the ends of chromosomes that protect 

againstt chromosomal breakage fusion-bridge cycles in dividing cells. Critically shortened telomeres can 

causee chromosomal instability, a sine qua non of most human epithelial cancers. Although evidence for 

telomericc dysfunction has been demonstrated in invasive pancreatic cancer, the onset of this phenomenon 

hass not been elucidated in the context of non-invasive precursor lesions. 

Methods s 

Wee used a recently described in situ hybridization technique in archival samples for assessment of telomere 

lengthh in tissue microarrays containing a variety of noninvasive pancreatic ductal lesions. These included 82 

PanlNN lesions of all histological grades (24 PanlN-1A, 23 PanlNMB. 24 PanlN-2 , and 11 PanlN-3) that were 

selectedd from pancreatectomy specimens for either adenocarcinoma or chronic pancreatitis. Telomere 

fluorescencee intensities in PanlN lesions were compared with adjacent normal pancreatic ductal epithelium 

andd acini (62 of 82 lesions , 76%), or with stromal fibroblasts and islets of Langerhans (20 of 82 lesions, 

24%). . 

Results s 

Telomeree signals were strikingly reduced in 79 (96%) of 82 PanlNs compared to adjacent normal structures. 

Notably,, even PanlN-1A , the earliest putative precursor lesion, demonstrated a dramatic reduction of 

telomeree fluorescence intensity in 21 (91%) of 23 foci examined. In chronic pancreatitis, reduction of 

telomeree signal was observed in all PanlN lesions, whereas atrophic and inflammatory ductal lesions 

retainedd normal telomere length. Telomere fluorescence intensity in PanlN lesions did not correlate with 

proliferationn measured by quantitative Ki-67-labeling index or topoisomerase Hot expression. 

Conclusions s 

Telomeree shortening is by far the most common early genetic abnormality recognized to date in the 

progressionn model of pancreatic adenocarcinomas. Telomeres may be an essential gatekeeper for 

maintainingg chromosomal integrity, and thus, normal cellular physiology in pancreatic ductal epithelium. 

AA critical shortening of telomere length in PanlNs may predispose these noninvasive ductal lesions to 

accumulatee progressive chromosomal abnormalities and to develop toward the stage of invasive carcinoma. 



Thee 5-year survival rate of patients with ductal adenocarcinoma of the pancreas is 4%, one of the 

lowestt of any neoplasm. Each year, nearly 29,000 patients are diagnosed with pancreatic cancer 

inn the United States, and almost all will succumb to their disease.' Currently, surgery, with or 

withoutt adjuvant therapy, is the only acceptable therapeutic option, although most patients tend 

too present with advanced, unresectable disease. Thus, either primary prevention or early detection 

remainss the best chance for cure from this lethal neoplasm.2 However, to detect pancreas cancer 

att an early, potentially curative stage, it is critical that we understand the biology of precursors to 

pancreaticc neoplasia. 

Similarr to the adenoma-carcinoma sequence in the colon,3 there is histological and molecular 

evidencee to suggest a multistep progression model for the development of pancreatic cancer.4 In 

thee pancreas, the noninvasive precursor lesions are called pancreatic intraepithelial neoplasia or 

PanlN.ss PanlNs are believed to progress from flat and papillary without dysplasia, to papillary 

withh dysplasia, to carcinoma in situ (PanlN-1A to PanlN-1B to PanlN-2 to PanlN-3) (additional 

detailss are available at http://www.pathology.jhu.edu/pancreas_panin). This unification of 

terminologyy and diagnostic criteria is a critical first step toward a better understanding of the 

precursorss to invasive pancreatic cancer, which have been studied for more than 100 years.6 

Thee strongest evidence in favor of the PanlN-ductal adenocarcinoma sequence in the pancreas 

comess from genetic analyses of these precursor lesions. PanlNs share many of the molecular 

abnormalitiess seen in invasive cancer. For example, alterations in the KRAS2, CDKN2A/p16INK4A, 

BRCA2,BRCA2, TP53, and MADH4 {SMAD4, DPC4) genes have all been reported in PanlNs.7 :| However, 

exceptt for activating mutations of the K-ras oncogene, most genetic abnormalities are observed 

inn the histologically more advanced PanlNs, ie, PanlN-2 and PanlN-3. Unlike the loss of an essential 

gatekeeperr - the APC gene function - in the vast majority of colorectal adenomas,'no single 

overridingg genetic abnormality has been detected in early PanlNs. The initiating event(s) in 

neoplasticc progression within the pancreatic ducts, therefore, remains primarily unknown. 

Telomeress are structures present at the ends of linear chromosomes, comprising hexameric DNA 

repeatt sequences (TTAGGG) in association with telomere-binding proteins. 1!'Telomeric repeat 

sequencess prevent fusion between ends of chromosomes, and telomeric dysfunction is a major 

mechanismm for the generation of chromosomal instability (CIN).1'"16 Telomeric fusions between 

chromosomall arms may occur in the presence of critically shortened telomere repeat sequences; 

suchh fusions lead to ring and dicentric chromosomes that form so-called anaphase bridges during 

mitosis.155 Breakage of anaphase bridges generates highly recombinogenic free DNA ends, with 

fusionn of broken ends resulting in novel chromosomal rearrangements. Some of these abnormal 

chromosomess may, in turn, form bridges during the next cell division, setting in motion a 

selfperpetuatingg breakage-fusion-bridge cycle.,315'7The presence of unbalanced chromosomal 

http://www.pathology.jhu.edu/pancreas_panin


rearrangementss is a sine qua non of most human epithelial cancers. Specifically, pancreatic 

adenocarcinomas,, which are remarkable for their highly complex karyotypes, numerous 

chromosomall abnormalities, and multiple deletions on allelotyping,'8 ̂ demonstrate chromosome 

endss lacking telomeric repeat sequences in the majority of cases.15Thus, telomeric dysfunction 

withh resultant CIN may be a key driving force in pancreatic carcinogenesis. 

Thee timing of telomeric dysfunction has not been examined in the context of the multistage 

progressionn model of pancreatic adenocarcinomas. A fluorescence in situ hybridization protocol 

hass recently been described for assessment of telomere repeat lengths in archival tissues/' We 

examinedd the telomere repeat lengths in a series of 82 PanIN lesions of all histological grades, 

usingg tissue microarrays (TMAs) containing a variety of noninvasive ductal lesions. Our results 

indicatee that telomeric dysfunction is one of the most common early genetic aberrations observed 

inn PanlNs and may facilitate the progression of the pancreatic ductal epithelium toward cancer. 

Archivall tissue samples 
Tissuee samples were obtained from the surgical pathology archives of the Department of Pathology 

att the Johns Hopkins University School of Medicine. Formalin-fixed paraffin-embedded blocks 

weree retrieved from 44 patients who underwent pancreaticoduodenectomy (Whipple resection) 

forr pancreatic ductal adenocarcinoma, and from 32 patients who underwent surgery for chronic 

pancreatitis.. Two TMAs were constructed, the first (TMA 1) containing PanIN lesions adjacent to 

pancreaticc adenocarcinoma specimens, and the second (TMA 2), containing a mixture of PanIN, 

atrophic,, and inflammatory duct lesions from the chronic pancreatitis specimens, respectively. 

PanINN lesions were selected by three authors (NTvH, RHH, and AM), and classified into PanIN-1 A, 

PanIN-1B,, PanlN-2, and PanlN-3 by using previously described criteria.5 Inflammatory duct lesions 

inn chronic pancreatitis were defined by extensive periductal and/or intraepithelial inflammation, 

usuallyy mononuclear in nature. For the TMA construction, representative areas containing 

morphologicallyy defined PanlNs were circled on the glass slides and used as a template. TMAs 

weree constructed using a manual Tissue Puncher/Arrayer (Beecher Instruments, Silver Spring, 

MD)) as previously described.?:' For each selected lesion, a 1.4-mm core was punched from the 

donorr block to ensure that the entire duct lesion and adequate surrounding tissue could be 

incorporatedd into the spot. A total of 99 cores (72 PanIN lesions and 27 tissue cores from a 

varietyy of extra-pancreatic tissues) were arrayed on the TMA 1 recipient block; similarly, 99 cores 

(63(63 pancreatic duct lesions and 36 miscellaneous extra-pancreatic tissue cores) were arrayed on 

thee TMA 2 recipient block. Four serial sections were cut from both TMAs, of which one was 

stainedd with hematoxylin and eosin (H&E) as a reference. Overall, 66 PanIN foci of all histological 

gradess (15 PanlN-1A, 18 PanlN-1B, 22 PanlN-2, and 11 PanlN-3) were adequate for evaluation 



usingg te I o me re-specific peptide nucleic acid fluorescence in situ hybridization (TEL-FISH) and 

immunohistochemistryy in TMA 1; 16 PanIN lesions (8 PaniN-IA, 5 PanlN-1B, and 3 PanlN-2), 10 

atrophicc duct lesions, 6 inflammatory duct lesions, and 21 cores with normal pancreatic ducts 

weree adequate for evaluation on TMA 2. 

TEL-FISH H 

Thee protocol for combined staining of telomeres and DNA was performed without protease digestion, 

ass previously described.;' Briefly, the deparaffinized tissue array slides underwent steam heating in 

citratee buffer, followed by hybridization with a Cy3-!abeled TEL-F!SH probe, and processed for 

indirectt immunofluorescence and counterstaining with DAPI (4-6-diamidino-2-phenylindole). 

Microscopyy and image analysis 

Thee TEL-FISH fluorescence microscopy was performed by three authors on the panel (NTvH, 

AKM,, and AM). A serial H&E-stained reference slide was examined concurrently on a light 

microscopee as a guide. Slides were imaged with a Zeiss Axioskop epifluorescence microscope 

(Carll Zeiss inc, Thornwood, NY) equipped with appropriate fluorescence filter sets (Omega Optical, 

Brattleboro,, VT). Telomere signals were visually evaluated in real-time by qualitative comparison 

off pixel intensity of the TEL-FISH probe in the PanlNs with adjacent normal structures. Telomere 

lengthss in PanIN lesions were compared with adjacent normal pancreatic ductal epithelium and 

acinii (62 of 82 lesions, 76%), or with stromal fibroblasts and islets of Langerhans (20 of 82 

lesions,, 24%). Inflammatory and atrophic ducts in chronic pancreatitis were compared with residual 

acini,, islets of Langerhans, or stromal fibroblasts. The telomere fluorescence results in the PanlNs 

weree classified as greater than, less than, or equal to the normal structures. 

Inn addition, 10 nuclei each from one representative PanIN lesion from the four histological 

categoriess {PanlN-1 A, PanIN-1B, PanlN-2, and PanlN-3) and corresponding 10 nuclei from normal 

ductss from the same case were quantified as described.r' In this method, the sum of pixel intensities 

forr the telomere signals in the Cy3 channel for a given cell nucleus is normalized to the total DAPI 

signal,, such that the normalized telomere signals are linearly proportional to the mean telomere 

lengthh as assessed independently by Southern blotting.2' For each patient sample, comparisons 

off the mean ratios of teiomeric signal to DAPI between the various cell types were done using 

thee paired Mest with STATA 6.0 for Microsoft Windows (Stata Corp., College Station, TX); a p 

valuee of 0.05 was considered statistically significant. 

Ki-677 and Topoisomerase Ilex immunolabeling 

Forr detection of Ki-67 and topoisomerase Met, immediately adjacent serial sections from TMA 1 

weree steamed for 20 minutes in sodium citrate buffer (diluted to 1 from 10 heat-induced epitope 



retrievall buffer; Ventana-Bio Tek solutions, Tucson, AZ). After cooling for 5 minutes, slides were 

labeledd with a 1:100 dilution of mouse monoclonal antibody against Ki-67 (MIB-1; Immunotech, 

West-brook,, ME) or a 1:3200 dilution of mouse monoclonal antibody against topoisomerase Ilex 

(clonee TG100; Neo-markers, Freemont, CA) using the Bio Tek 1000 auto-mated stainer (Ventana). 

Labelingg was detected by addition of biotinylated secondary antibodies, avidin-biotin complex, 

andd 3,3'-diaminobenzidine. All sections were counterstained with hematoxylin. Labeling was 

evaluatedd by two of the authors (NTvH, AM). Both Ki-67 and topoisomerase Mot are nuclear, and 

labelingg of >10% of nuclei was considered positive and <10% cells was considered negative. 

Qualitativee assessment versus histology 
Microscopicc examination demonstrated numerous intense fluorescence labeling spots in the nuclei 

off normal ductal epithelium, pancreatic acini, fibroblasts, and islets of Langerhans. In general, 

thee intensities for TEL-FISH were comparable between the four reference control structures. Even 

atrophicc ducts, which are characteristically abundant in the nonneoplastic pancreas adjacent to 

adenocarcinomas,, contained intense TEL-FISH signals. No observable differences in telomere 

signall intensities were seen in the normal tissues obtained from patients with chronic pancreatitis 

versusversus those from patients harboring adenocarcinomas. The highest intensity of fluorescence, 

however,, was seen in the lymphocytes, consistent with the long telomeric repeats that these 

cellss are known to possess;23 lymphocytes were therefore not used as a control for comparison of 

telomeree lengths. In contrast to the reference normal cell types, telomeric repeat fluorescent 

signalss were strikingly less intense with scattered weak to absent signals in the PanIN nuclei 

(figuree 1A, B, and C) in 63 (95%) of 66 PanIN foci examined on TMA 1, and 16 (100%) of 16 

PanINN foci on TMA 2. Thus, overall, 79 (96%) of 82 PanlNs examined demonstrated reduction in 

telomeree signal intensities, and no obvious difference in telomere intensities was seen between 

PanINN lesions adjacent to adenocarcinomas versus PanIN lesions arising in the context of chronic 

pancreatitis.. When classified by histological subtype, 21 (91%) of 23 PanlN-1A. 23 (100%) of 23 

PanIN-11 B, 24 (96%) of 25 PanlN-2, and 11 (100%) of 11 PanlN-3 had unambiguous reduction in 

telomeree repeat signals. There were no readily observable qualitative differences between telomere 

repeatt lengths in PanlNs of various histological grades, which were also borne out by the 

quantitativee assessment (see below). In all but one PanIN lesion, signal reduction was seen in 

nucleii throughout the lesion; in a single PanlN-2, heterogeneity of signal intensities was observed 

withh approximately half the lesional nuclei demonstrating signal reduction compared to normal. 

Often,, a sharp demarcation associated with a dramatic reduction in telomere signal could be 

observedd in the histological transition between PanlNs and normal ductal epithelium, and this 

phenomenonn was observed independent of the histological grade of the PanIN. In occasional 



Figuree 1 TEL-FISH for assessment of telomere repeat lengths performed on PanIN lesions adjacent to pancreatic 
adenocarcinoma.. The telomeres are stained with Cy3-labeled anti-telomeric probe and are colored red; the 
DNAA is counterstained with DAPI and colored blue. (A) Low-grade PanIN (PanlN-1A) demonstrates weak 
telomericc signals in the nuclei (double arrows), while intense telomeric signals are retained in the subjacent 
normall epithelium (arrow) and the stromal fibroblasts. (B) Low-grade PanIN (PanlN-1B) demonstrates weak 
telomericc signals in the papillary tufts (double arrows); in contrast, intense telomeric signals are retained in the 
stripp of retained normal epithelium (arrow). (C) High-grade PanIN (PanlN-3) with weak telomeric signals (double 
arrows);; in contrast, there is a sharp transition with the normal epithelium demonstrating intense telomeric 
fluorescencee (arrow). (D) Weak telomeric fluorescence in cancerized ducts (double arrows); the interspersed 
brightt signals (arrow) are lymphocytes within and surrounding the cancerized ducts. DAPI counterstain; original 
magnifications:: x40 (A, B); 100 (C, D) ( x j - page 259) 

cores,, cancerization of ducts (replacement of ductal epithelium by infiltrating adenocarcinoma, 

simulatingg carcinoma in situ) could be seen, and in all instances, the cancerized ducts demonstrated 

markedd signal reduction, as did infiltrating adenocarcinoma (figure 1D). In contrast to unequivocal 

reductionn in telomere fluorescence intensities in PanIN lesions, intense fluorescence labeling was 

observedd in 10 atrophic and 6 inflammatory ducts in chronic pancreatitis. 

Quantitativee assessment versus histology 

Tenn nuclei each from one representative example of the four histological grades of PanIN were 

quantifiedd for telomeric repeat length in conjunction with 10 nuclei from normal ductal epithelium 

forr the same case, by TEL-FISH. The average telomeric repeat lengths in the four PanIN lesions 



Tablee 1 Quantitative assessment of telomere lengths in PanlNs compared wi th normal pancreatic ducts from 
thee PanIN TMA 

PanIN-- PanIN PanIN PanIN Normal Normal Normal P (PanIN 
lesionn nuclei mean SD nuclei mean SD versus 

(n)) (n) normal) 

1A A 
1B B 
2 2 
3 3 

10 0 
10 0 
10 0 
10 0 

57.5 5 
32.6 6 
90.7 7 
89.7 7 

32.8 8 
24.0 0 
51.8 8 
57.7 7 

10 0 
10 0 
10 0 
10 0 

134.8 8 
156.9 9 
233.1 1 
247.2 2 

37.0 0 
53.8 8 
74.1 1 
61.7 7 

0.002 2 
<0.001 1 
0.002 2 

O.001 1 

andd corresponding normal ducts are tabulated in table 1; telomere repeat lengths were significantly 

shorterr in all histological grades of PanlNs compared to the normal pancreatic ducts. Quantification 

off the telomere signals, however, demonstrated no statistically significant differences in telomere 

repeatt lengths between the PanlN-1A, the earliest precursor lesion, and histologically more 

advancedd PanlNs (PanlN-1B, PanlN-2, and PanlN-3). 

Assessmentt of proliferation in PanIN lesions 
Proliferationn in PanIN lesions was assessed by Ki-67 and topoisomerase Ilex nuclear immunolabeling 

onn the TMA 1. In 11 of (100%) 11 PanlN-3 lesions, >10% of nuclei labeled for both Ki-67 and 

topoisomerasee Mot, whereas 3 (14%) of 22 PanlN-2 were positive for Ki-67, but not topoisomerase 

Ilex.. In contrast, none of the PanlN-1A, PanlN-1B, or remaining 19 (86%) of 22 PanlN-2 lesions 

wass positive for either protein. 

Functionall telomeres protect chromosome ends from recombination and fusion and are therefore 

essentiall for maintaining chromosomal stability.12~"öTelomere shortening has been suggested to 

bee an important biological factor in aging, cellular senescence, cell immortality, and transformation 

too cancer; the last two are associated with reactivation of the enzyme telomerase in cells with 

criticallyy shortened telomeres.24 In the presence of shortened telomere repeat fragments, the 

endss of linear chromosomes may undergo so-called anomalous bridge-fusion-breakage events 

thatt result in both structural and numerical chromosomal abnormalities.nn-,s,7Thus, the genesis 

off unbalanced chromosomal translocations, a sine qua non of most human epithelial malignancies, 

mayy rely, at least in part, on the presence of shortened telomeres. The consequences of CIN are 

manifold,, because breakage and fusion may disrupt critical genes involved in cell regulation, 

DNAA repair, and apoptosis, setting in motion an autonomous proliferation of genetically disrupted 

cellss that characterizes the essence of cancer.25 The importance of CIN as an early driving force in 

carcinogenesiss has been demonstrated in epithelial malignancies, such as colorectal cancers, in 

whichh anaphase bridges and allelic imbalance can be seen at the adenoma stage, which are the 

precursorss to invasive cancer.'226 Although there are many potential causes for CIN, critical telomere 



shorteningg may be the most important mechanism for its occurrence, and therefore, it is postulated 

thatt CIN in colorectal adenomas is a consequence of telomere dysfunction. The demonstration of 

CINN in preneoplastic lesions has been greatly facilitated by the recent description of a fluorescence 

inin situ hybridization methodology that is applicable to archival tissue samples.71 Using this innovative 

technique,, Meeker and colleagues" have reported the presence of strikingly shortened telomere 

repeatt segments in the vast majority of high-grade prostatic intraepithelial neoplasia, the precursors 

too prostate cancer. 

AA growing body of morphological, clinical, and molecular evidence supports the hypothesis for a 

multistagee progression model of pancreas cancer43-28 In this progression model, invasive pancreatic 

adenocarcinomaa is preceded by the sequential appearance of morphologically recognizable 

noninvasivee ductal lesions known as PanlNs.5 PanlNs, especially the intermediate and higher grade 

lesions,, share many of the genetic abnormalities observed in invasive cancers, which is compelling 

evidencee for their neoplastic potential. Despite substantial progress made in understanding the 

molecularr abnormalities during progression of pancreatic adenocarcinomas, the initiating genetic 

eventss remain primarily unknown. Invasive pancreatic adenocarcinomas have a remarkable degree 

off CIN, manifested as bizarre nonreciprocal translocations and numerical abnormalities.18'19 It has 

beenn postulated that CIN in pancreas cancers, similar to other epithelial malignancies, is a 

manifestationn of telomere dysfunction.15 Although shortened telomere repeat lengths have been 

reportedd in the majority of cancer cases,15the onset of telomere dysfunction has not been studied 

inn the context of the progression model of pancreas cancer. Were telomere shortening to occur 

ass an early event, it would imply that the CIN observed in invasive cancers had its origins in the 

precursorr ductal lesions that precede invasive adenocarcinoma. It would also suggest that CIN-

inducedd abrogation of gene function might be a key mechanism driving the ductal epithelium 

towardd neoplastic transformation. We therefore combined TMAs of noninvasive pancreatic ductal 

lesionss with a recently described technique for telomere length assessment in archival tissues to 

studyy PanlNs. We found reduction in telomere fluorescence intensity to be nearly universal in all 

histologicall grades of PanlN lesions [79 (96%) of 82], when compared to normal pancreatic 

ducts,, acini, islets, or stromal fibroblasts. Even PanlN-1 A, the lowest grade precursor lesion classified 

inn the pancreatic cancer progression model, demonstrated strikingly reduced telomere signals in 

211 (91%) of 23 foci compared to normal ductal epithelium. In almost all instances, an abrupt 

transitionn in telomere length was seen between normal ductal epithelium and the adjacent PanlN 

lesion,, irrespective of the histological grade of the PanlN (figure 1A, B and C). In contrast, no 

readilyy observable differences were seen in telomere length between histologically low-grade 

andd high-grade PanlN lesions or between PanlN and invasive adenocarcinoma (figure 1D). 

Becausee it is well known that genetic similarities exist between invasive pancreatic adenocarcinomas 

andd their adjacent noninvasive precursor lesions, we also determined the telomere signals in 



PanINN lesions from histologically documented benign pancreata with chronic pancreatitis only. 

Alll 16 PanIN lesions demonstrated a striking reduction, whereas the 10 atrophic and 6 inflammatory 

ductt lesions retained normal telomere signal intensities (data not shown). There were no observable 

differencess seen in the intensity of telomere signals between PanIN lesions adjacent to 

adenocarcinomass versus those arising in chronic pancreatitis. Therefore, on the basis of nearly 

universall telomere dysfunction, we believe that there are no benign PanIN lesions, and as implied 

byy their nomenclature, PanlNs are true noninvasive neoplasms of the pancreatic ductal epithelium. 

Inn contrast, based on currently available data, atrophic and inflammatory duct lesions in chronic 

pancreatitiss are unlikely to harbor a significant neoplastic potential. 

Thus,, telomere dysfunction is by far the most common early genetic abnormality reported to 

datee in the progression model of pancreatic adenocarcinoma, with the frequency of telomere 

lengthh shortening (96%) exceeding the reported frequencies of K-ras oncogene activation (50%), 

losss of p i6 expression (30%), and inactivation of DPC4, BRCA2, and p53 (all 0%) in low-grade 

PanINN lesions (PanIN-1A and PanlN-1 B).7-929 In addition, unlike other genetic alterations previously 

described,, the frequency of telomere length alterations seems to be independent of the histological 

gradee of PanIN, because a readily observable progressive shortening of telomere length was not 

seenn in the transition from PanIN-1A to PanlN-3. It may be conceivably argued that shortening of 

telomeree length is a consequence of increased proliferation within PanIN lesions, a manifestation 

off the so-called "end replication" problem in telomerase-negative cells that are dividing.10 30 

However,, early and intermediate PanlNs have a relatively low proliferation rate, as demonstrated 

inn this and other studies.3' Thus, although we cannot rule out the possibility that telomere 

shorteningg occurred as a result of a remote proliferative burst in the ductal epithelium {perhaps 

duringg repeated episodes of injury and repair), it seems to be independent of ongoing proliferation. 

Thee genesis of telomere shortening in PanIN lesions remains a matter of speculation; postulated 

mechanismss include a role for reactive oxidant species," or inactivation of one or more 

telomerebindingg proteins that maintain telomere lengths,33"35 and additional studies may be able 

too elucidate this issue further. 

Itt is unlikely that shortening of telomeres is, in and of itself, sufficient to induce neoplasia. However, 

shortenedd telomeres could open the gates, setting the stage for acquiring progressive chromosomal 

abnormalities,, even in the absence of excessive proliferation in early-grade PanlNs. This model is 

alsoo compatible with previous observations in the natural history of PanlNs, including the presence 

off allelic imbalance (loss of heterozygosity) before intragenic mutation,36 which is as expected 

weree C!N an early phenomenon in the ductal epithelium in this neoplastic progression model. 

Inn conclusion, we report that telomere shortening is one of the earliest demonstrable genetic 

aberrationss in the precursor lesions of invasive pancreatic cancer and is nearly universal in all 

histologicall grades of PanlNs. Telomere shortening is unlikely to provide any direct growth 



advantagee to the ductal epithelial cells, but it presumably leads to the acquisition of chromosomal 

abnormalitiess that facilitates the progression of these cells toward invasive cancer. The 

demonstrationn of strikingly shortened telomeres in even the PanlN-1A lesions also provides 

compellingg evidence that these earliest of non-invasive ductal lesions are integral to the progression 

modell of pancreatic adenocarcinoma. 
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