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A multistep model of carcinogenesis has recently
been proposed for pancreatic ductal adenocarcino-
mas. In this model, noninvasive precursor lesions in
the pancreatic ductules accumulate genetic alter-
ations in cancer-associated genes eventually leading
to the development of an invasive cancer. The nomen-
clature for these precursor lesions has been standard-
ized as pancreatic intraepithelial neoplasia or PanIN.
Despite the substantial advances made in understand-
ing the biology of invasive pancreatic adenocarcino-
mas, little is known about the initiating genetic events
in the pancreatic ductal epithelium that facilitates its
progression to cancer. Telomeres are distinctive
structures at the ends of chromosomes that protect
against chromosomal breakage-fusion-bridge cycles
in dividing cells. Critically shortened telomeres can
cause chromosomal instability, a sine qua non of
most human epithelial cancers. Although evidence
for telomeric dysfunction has been demonstrated in
invasive pancreatic cancer, the onset of this phenom-
enon has not been elucidated in the context of non-
invasive precursor lesions. We used a recently de-
scribed in situ hybridization technique in archival
samples (Meeker AK, Gage WR, Hicks JL, Simon I,
Coffman JR, Platz EA, March GE, De Marzo AM: Telo-
mere length assessment in human archival tissues:
combined telomere fluorescence in situ hybridization
and immunostaining. American Journal of Pathology
2002, 160:1259–1268) for assessment of telomere
length in tissue microarrays containing a variety of
noninvasive pancreatic ductal lesions. These included

82 PanIN lesions of all histological grades (24 PanIN-
1A, 23 PanIN-1B, 24 PanIN-2, and 11 PanIN-3) that
were selected from pancreatectomy specimens for
either adenocarcinoma or chronic pancreatitis. Telo-
mere fluorescence intensities in PanIN lesions were
compared with adjacent normal pancreatic ductal ep-
ithelium and acini (62 of 82 lesions, 76%), or with
stromal fibroblasts and islets of Langerhans (20 of 82
lesions, 24%). Telomere signals were strikingly re-
duced in 79 (96%) of 82 PanINs compared to adjacent
normal structures. Notably, even PanIN-1A, the earli-
est putative precursor lesion, demonstrated a dra-
matic reduction of telomere fluorescence intensity in
21 (91%) of 23 foci examined. In chronic pancreatitis,
reduction of telomere signal was observed in all
PanIN lesions, whereas atrophic and inflammatory
ductal lesions retained normal telomere length. Telo-
mere fluorescence intensity in PanIN lesions did not
correlate with proliferation measured by quantitative
Ki-67-labeling index or topoisomerase II� expres-
sion. Thus, telomere shortening is by far the most
common early genetic abnormality recognized to date
in the progression model of pancreatic adenocarcino-
mas. Telomeres may be an essential gatekeeper for
maintaining chromosomal integrity, and thus, nor-
mal cellular physiology in pancreatic ductal epithe-
lium. A critical shortening of telomere length in
PanINs may predispose these noninvasive ductal le-
sions to accumulate progressive chromosomal abnor-
malities and to develop toward the stage of invasive
carcinoma. (Am J Pathol 2002, 161:1541–1547)

The 5-year survival rate of patients with ductal adenocar-
cinoma of the pancreas is 4%, one of the lowest of any
neoplasm. Each year, nearly 29,000 patients are diag-
nosed with pancreatic cancer in the United States, and
almost all will succumb to their disease.1 Currently, sur-
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gery, with or without adjuvant therapy, is the only accept-
able therapeutic option, although most patients tend to
present with advanced, unresectable disease. Thus, ei-
ther primary prevention or early detection remains the
best chance for cure from this lethal neoplasm.2 How-
ever, to detect pancreas cancer at an early, potentially
curative stage, it is critical that we understand the biology
of precursors to pancreatic neoplasia.

Similar to the adenoma-carcinoma sequence in the co-
lon,3 there is histological and molecular evidence to sug-
gest a multistep progression model for the development of
pancreatic cancer.4 In the pancreas, the noninvasive pre-
cursor lesions are called pancreatic intraepithelial neoplasia
or PanIN.5 PanINs are believed to progress from flat and
papillary without dysplasia, to papillary with dysplasia, to
carcinoma in situ (PanIN-1A to PanIN-1B to PanIN-2 to
PanIN-3) (additional details are available at http://www.
pathology.jhu.edu/pancreas�panin). This unification of termi-
nology and diagnostic criteria is a critical first step toward a
better understanding of the precursors to invasive pancre-
atic cancer, which have been studied for more than 100
years.6

The strongest evidence in favor of the PanIN-ductal
adenocarcinoma sequence in the pancreas comes from
genetic analyses of these precursor lesions. PanINs
share many of the molecular abnormalities seen in inva-
sive cancer. For example, alterations in the KRAS2,
CDKN2A/p16INK4A, BRCA2, TP53, and MADH4 (SMAD4,
DPC4) genes have all been reported in PanINs.7–9 How-
ever, except for activating mutations of the K-ras onco-
gene, most genetic abnormalities are observed in the
histologically more advanced PanINs, ie, PanIN-2 and
PanIN-3. Unlike the loss of an essential gatekeeper—the
APC gene function—in the vast majority of colorectal
adenomas,3 no single overriding genetic abnormality has
been detected in early PanINs. The initiating event(s) in
neoplastic progression within the pancreatic ducts,
therefore, remains primarily unknown.

Telomeres are structures present at the ends of linear
chromosomes, comprising hexameric DNA repeat se-
quences (TTAGGG) in association with telomere-binding
proteins.10 Telomeric repeat sequences prevent fusion
between ends of chromosomes, and telomeric dysfunc-
tion is a major mechanism for the generation of chromo-
somal instability (CIN).11–16 Telomeric fusions between
chromosomal arms may occur in the presence of criti-
cally shortened telomere repeat sequences; such fusions
lead to ring and dicentric chromosomes that form so-
called anaphase bridges during mitosis.15 Breakage of
anaphase bridges generates highly recombinogenic free
DNA ends, with fusion of broken ends resulting in novel
chromosomal rearrangements. Some of these abnormal
chromosomes may, in turn, form bridges during the next
cell division, setting in motion a self-perpetuating break-
age-fusion-bridge cycle.13,15,17 The presence of unbal-
anced chromosomal rearrangements is a sine qua non of
most human epithelial cancers. Specifically, pancreatic
adenocarcinomas, which are remarkable for their highly
complex karyotypes, numerous chromosomal abnormal-
ities, and multiple deletions on allelotyping,18–20 demon-
strate chromosome ends lacking telomeric repeat se-

quences in the majority of cases.15 Thus, telomeric
dysfunction with resultant CIN may be a key driving force
in pancreatic carcinogenesis.

The timing of telomeric dysfunction has not been ex-
amined in the context of the multistage progression
model of pancreatic adenocarcinomas. A fluorescence in
situ hybridization protocol has recently been described
for assessment of telomere repeat lengths in archival
tissues.21 We examined the telomere repeat lengths in a
series of 82 PanIN lesions of all histological grades, using
tissue microarrays (TMAs) containing a variety of nonin-
vasive ductal lesions. Our results indicate that telomeric
dysfunction is one of the most common early genetic
aberrations observed in PanINs and may facilitate the
progression of the pancreatic ductal epithelium toward
cancer.

Materials and Methods

Archival Tissue Samples

Tissue samples were obtained from the surgical pathol-
ogy archives of the Department of Pathology at the
Johns Hopkins University School of Medicine. Formalin-
fixed paraffin-embedded blocks were retrieved from 44
patients who underwent pancreaticoduodenectomy
(Whipple resection) for pancreatic ductal adenocarci-
noma, and from 32 patients who underwent surgery for
chronic pancreatitis. Two TMAs were constructed, the
first (TMA 1) containing PanIN lesions adjacent to pan-
creatic adenocarcinoma specimens, and the second
(TMA 2), containing a mixture of PanIN, atrophic, and
inflammatory duct lesions from the chronic pancreatitis
specimens, respectively. PanIN lesions were selected by
three authors (NTvH, RHH, and AM), and classified into
PanIN-1A, PanIN-1B, PanIN-2, and PanIN-3 by using pre-
viously described criteria.5 Inflammatory duct lesions in
chronic pancreatitis were defined by extensive periductal
and/or intraepithelial inflammation, usually mononuclear
in nature. For the TMA construction, representative areas
containing morphologically defined PanINs were circled
on the glass slides and used as a template. TMAs were
constructed using a manual Tissue Puncher/Arrayer
(Beecher Instruments, Silver Spring, MD) as previously
described.22 For each selected lesion, a 1.4-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
PanIN lesions and 27 tissue cores from a variety of extra-
pancreatic tissues) were arrayed on the TMA 1 recipient
block; similarly, 99 cores (63 pancreatic duct lesions and
36 miscellaneous extra-pancreatic tissue cores) were ar-
rayed on the TMA 2 recipient block. Four serial sections
were cut from both TMAs, of which one was stained with
hematoxylin and eosin (H&E) as a reference. Overall, 66
PanIN foci of all histological grades (15 PanIN-1A, 18
PanIN-1B, 22 PanIN-2, and 11 PanIN-3) were adequate
for evaluation using telomere-specific peptide nucleic
acid fluorescence in situ hybridization (TEL-FISH) and
immunohistochemistry in TMA 1; 16 PanIN lesions (8
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PanIN-1A, 5 PanIN-1B, and 3 PanIN-2), 10 atrophic duct
lesions, 6 inflammatory duct lesions, and 21 cores with
normal pancreatic ducts were adequate for evaluation on
TMA 2.

TEL-FISH

The protocol for combined staining of telomeres and DNA
was performed without protease digestion, as previously
described.21 Briefly, the deparaffinized tissue array
slides underwent steam heating in citrate buffer, followed
by hybridization with a Cy3-labeled TEL-FISH probe, and
processed for indirect immunofluorescence and counter-
staining with DAPI (4�-6-diamidino-2-phenylindole).

Microscopy and Image Analysis

The 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 concur-
rently on a light microscope as a guide. Slides were
imaged with a Zeiss Axioskop epifluorescence micro-
scope (Carl Zeiss Inc, Thornwood, NY) equipped with
appropriate fluorescence filter sets (Omega Optical,
Brattleboro, VT). Telomere signals were visually evalu-
ated in real-time by qualitative comparison of pixel inten-
sity of the TEL-FISH probe in the PanINs with adjacent
normal structures. Telomere lengths in PanIN lesions
were compared with adjacent normal pancreatic ductal
epithelium and acini (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 fluores-
cence results in the PanINs were classified as greater
than, less than, or equal to the normal structures.

In addition, 10 nuclei each from one representative
PanIN lesion from the four histological categories (PanIN-
1A, PanIN-1B, PanIN-2, and PanIN-3) and corresponding
10 nuclei from normal ducts from the same case were
quantified as described.21 In this method, the sum of
pixel intensities for the telomere signals in the Cy3 chan-
nel 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 length as as-
sessed independently by Southern blotting.21 For each
patient sample, comparisons of the mean ratios of telo-
meric signal to DAPI between the various cell types were
done using the paired t-test with STATA 6.0 for Microsoft
Windows (Stata Corp., College Station, TX); a P value of
�0.05 was considered statistically significant.

Ki-67 and Topoisomerase II� Immunolabeling

For detection of Ki-67 and topoisomerase II�, immedi-
ately adjacent serial sections from TMA 1 were steamed
for 20 minutes in sodium citrate buffer (diluted to 1� from
10� heat-induced epitope retrieval buffer; Ventana-Bio
Tek solutions, Tucson, AZ). After cooling for 5 minutes,
slides were labeled with a 1:100 dilution of mouse mono-

clonal antibody against Ki-67 (MIB-1; Immunotech, West-
brook, ME) or a 1:3200 dilution of mouse monoclonal
antibody against topoisomerase II (clone TG100; Neo-
markers, Freemont, CA) using the Bio Tek 1000 auto-
mated stainer (Ventana). Labeling was detected by ad-
dition of biotinylated secondary antibodies, avidin-biotin
complex, and 3,3�-diaminobenzidine. All sections were
counterstained with hematoxylin. Labeling was evaluated
by two of the authors (NTvH, AM). Both Ki-67 and topo-
isomerase II� are nuclear, and labeling of �10% of nuclei
was considered positive and �10% cells was considered
negative.

Results

Qualitative Assessment Versus Histology

Microscopic examination demonstrated numerous in-
tense fluorescence labeling spots in the nuclei of normal
ductal epithelium, pancreatic acini, fibroblasts, and islets
of Langerhans. In general, the intensities for TEL-FISH
were comparable between the four reference control
structures. Even atrophic ducts, which are characteristi-
cally abundant in the nonneoplastic pancreas adjacent to
adenocarcinomas, contained intense TEL-FISH signals.
No observable differences in telomere signal intensities
were seen in the normal tissues obtained from patients
with chronic pancreatitis versus those from patients har-
boring adenocarcinomas. The highest intensity of fluores-
cence, however, was seen in the lymphocytes, consistent
with the long telomeric repeats that these cells are known
to possess;23 lymphocytes were therefore not used as a
control for comparison of telomere lengths. In contrast to
the reference normal cell types, telomeric repeat fluores-
cent signals were strikingly less intense with scattered
weak to absent signals in the PanIN nuclei (Figure 1; A, B,
and C) in 63 (95%) of 66 PanIN foci examined on TMA 1,
and 16 (100%) of 16 PanIN foci on TMA 2. Thus, overall,
79 (96%) of 82 PanINs examined demonstrated reduction
in telomere signal intensities, and no obvious difference
in telomere intensities was seen between PanIN lesions
adjacent to adenocarcinomas versus PanIN lesions aris-
ing in the context of chronic pancreatitis. When classified
by histological subtype, 21 (91%) of 23 PanIN-1A, 23
(100%) of 23 PanIN-1B, 24 (96%) of 25 PanIN-2, and 11
(100%) of 11 PanIN-3 had unambiguous reduction in
telomere repeat signals. There were no readily observ-
able qualitative differences between telomere repeat
lengths in PanINs of various histological grades, which
were also borne out by the quantitative assessment (see
below). In all but one PanIN lesion, signal reduction was
seen in nuclei throughout the lesion; in a single PanIN-2,
heterogeneity of signal intensities was observed with ap-
proximately half the lesional nuclei demonstrating signal
reduction compared to normal. Often, a sharp demarca-
tion associated with a dramatic reduction in telomere
signal could be observed in the histological transition
between PanINs and normal ductal epithelium, and this
phenomenon was observed independent of the histolog-
ical grade of the PanIN. In occasional cores, canceriza-
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tion of ducts (replacement of ductal epithelium by infil-
trating adenocarcinoma, simulating carcinoma-in situ)
could be seen, and in all instances, the cancerized ducts
demonstrated marked signal reduction, as did infiltrating
adenocarcinoma (Figure 1D). In contrast to unequivocal
reduction in telomere fluorescence intensities in PanIN
lesions, intense fluorescence labeling was observed in
10 atrophic and 6 inflammatory ducts in chronic pancre-
atitis.

Quantitative Assessment Versus Histology

Ten nuclei each from one representative example of the
four histological grades of PanIN were quantified for te-
lomeric repeat length in conjunction with 10 nuclei from
normal ductal epithelium for the same case, by TEL-FISH.
The average telomeric repeat lengths in the four PanIN
lesions and corresponding normal ducts are tabulated in
Table 1; telomere repeat lengths were significantly

Figure 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 DNA is counterstained with DAPI and colored blue. A: Low-grade PanIN (PanIN-1A) demonstrates weak
telomeric signals in the nuclei (double arrows), while intense telomeric signals are retained in the subjacent normal epithelium (arrow) and the stromal
fibroblasts. B: Low-grade PanIN (PanIN-1B) demonstrates weak telomeric signals in the papillary tufts (double arrows); in contrast, intense telomeric signals are
retained in the strip of retained normal epithelium (arrow). C: High-grade PanIN (PanIN-3) with weak telomeric signals (double arrows); in contrast, there is
a sharp transition with the normal epithelium demonstrating intense telomeric fluorescence (arrow). D: Weak telomeric fluorescence in cancerized ducts (double
arrows); the interspersed bright signals (arrow) are lymphocytes within and surrounding the cancerized ducts. DAPI counterstain; original magnifications: �40
(A, B); �100 (C, D).

Table 1. Quantitative Assessment of Telomere Lengths in PanINs Compared with Normal Pancreatic Ducts from the PanIN TMA

PanIN-lesion
PanIN nuclei

(n) PanIN mean PanIN SD
Normal nuclei

(n) Normal mean Normal SD
P (PanIN versus

normal)

1A 10 57.5 32.8 10 134.8 37.0 0.002
1B 10 32.6 24.0 10 156.9 53.8 �0.001
2 10 90.7 51.8 10 233.1 74.1 0.002
3 10 89.7 57.7 10 247.2 61.7 �0.001
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shorter in all histological grades of PanINs compared to
the normal pancreatic ducts. Quantification of the telo-
mere signals, however, demonstrated no statistically sig-
nificant differences in telomere repeat lengths between
the PanIN-1A, the earliest precursor lesion, and histolog-
ically more advanced PanINs (PanIN-1B, PanIN-2, and
PanIN-3).

Assessment of Proliferation in PanIN Lesions

Proliferation in PanIN lesions was assessed by Ki-67 and
topoisomerase II� nuclear immunolabeling on the TMA 1.
In 11 of (100%) 11 PanIN-3 lesions, �10% of nuclei
labeled for both Ki-67 and topoisomerase II�, whereas 3
(14%) of 22 PanIN-2 were positive for Ki-67, but not
topoisomerase II�. In contrast, none of the PanIN-1A,
PanIN-1B, or remaining 19 (86%) of 22 PanIN-2 lesions
was positive for either protein.

Discussion

Functional telomeres protect chromosome ends from re-
combination and fusion and are therefore essential for
maintaining chromosomal stability.12–16 Telomere short-
ening has been suggested to be an important biological
factor in aging, cellular senescence, cell immortality, and
transformation to cancer; the last two are associated with
reactivation of the enzyme telomerase in cells with critically
shortened telomeres.24 In the presence of shortened telo-
mere repeat fragments, the ends of linear chromosomes
may undergo so-called anomalous bridge-fusion-breakage
events that result in both structural and numerical chromo-
somal abnormalities.11,13,15,17 Thus, the genesis of unbal-
anced chromosomal translocations, a sine qua non of most
human epithelial malignancies, may rely, at least in part, on
the presence of shortened telomeres. The consequences of
CIN are manifold, because breakage and fusion may dis-
rupt critical genes involved in cell regulation, DNA repair,
and apoptosis, setting in motion an autonomous prolifera-
tion of genetically disrupted cells that characterizes the
essence of cancer.25 The importance of CIN as an early
driving force in carcinogenesis has been demonstrated in
epithelial malignancies, such as colorectal cancers, in
which anaphase bridges and allelic imbalance can be seen
at the adenoma stage, which are the precursors to invasive
cancer.12,26 Although there are many potential causes for
CIN, critical telomere shortening may be the most important
mechanism for its occurrence, and therefore, it is postulated
that CIN in colorectal adenomas is a consequence of telo-
mere dysfunction. The demonstration of CIN in preneoplas-
tic lesions has been greatly facilitated by the recent descrip-
tion of a fluorescence in situ hybridization methodology that
is applicable to archival tissue samples.21 Using this inno-
vative technique, Meeker and colleagues27 have reported
the presence of strikingly shortened telomere repeat seg-
ments in the vast majority of high-grade prostatic intraepi-
thelial neoplasia, the precursors to prostate cancer.

A growing body of morphological, clinical, and molec-
ular evidence supports the hypothesis for a multistage
progression model of pancreas cancer.4,5,28 In this pro-

gression model, invasive pancreatic adenocarcinoma is
preceded by the sequential appearance of morphologi-
cally recognizable noninvasive ductal lesions known as
PanINs.5 PanINs, especially the intermediate and higher
grade lesions, share many of the genetic abnormalities
observed in invasive cancers, which is compelling evi-
dence for their neoplastic potential. Despite substantial
progress made in understanding the molecular abnor-
malities during progression of pancreatic adenocarcino-
mas, the initiating genetic events remain primarily un-
known. Invasive pancreatic adenocarcinomas have a
remarkable degree of CIN, manifested as bizarre nonre-
ciprocal translocations and numerical abnormalities.18,19

It has been postulated that CIN in pancreas cancers,
similar to other epithelial malignancies, is a manifestation
of telomere dysfunction.15 Although shortened telomere
repeat lengths have been reported in the majority of
cancer cases,15 the onset of telomere dysfunction has
not been studied in the context of the progression model
of pancreas cancer. Were telomere shortening to occur
as an early event, it would imply that the CIN observed in
invasive cancers had its origins in the precursor ductal
lesions that precede invasive adenocarcinoma. It would
also suggest that CIN-induced abrogation of gene func-
tion might be a key mechanism driving the ductal epithe-
lium toward neoplastic transformation. We therefore com-
bined TMAs of noninvasive pancreatic ductal lesions with
a recently described technique for telomere length as-
sessment in archival tissues to study PanINs. We found
reduction in telomere fluorescence intensity to be nearly
universal in all histological grades of PanIN lesions [79
(96%) of 82], when compared to normal pancreatic
ducts, acini, islets, or stromal fibroblasts. Even PanIN-1A,
the lowest grade precursor lesion classified in the pan-
creatic cancer progression model, demonstrated strik-
ingly reduced telomere signals in 21 (91%) of 23 foci
compared to normal ductal epithelium. In almost all in-
stances, an abrupt transition in telomere length was seen
between normal ductal epithelium and the adjacent
PanIN lesion, irrespective of the histological grade of the
PanIN (Figure 1; A, B, and C). In contrast, no readily
observable differences were seen in telomere length be-
tween histologically low-grade and high-grade PanIN le-
sions or between PanIN and invasive adenocarcinoma
(Figure 1D).

Because it is well known that genetic similarities exist
between invasive pancreatic adenocarcinomas and their
adjacent noninvasive precursor lesions, we also deter-
mined the telomere signals in PanIN lesions from histo-
logically documented benign pancreata with chronic
pancreatitis only. All 16 PanIN lesions demonstrated a
striking reduction, whereas the 10 atrophic and 6 inflam-
matory duct lesions retained normal telomere signal in-
tensities (data not shown). There were no observable
differences seen in the intensity of telomere signals be-
tween PanIN lesions adjacent to adenocarcinomas ver-
sus those arising in chronic pancreatitis. Therefore, on
the basis of nearly universal telomere dysfunction, we
believe that there are no benign PanIN lesions, and as
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implied by their nomenclature, PanINs are true noninva-
sive neoplasms of the pancreatic ductal epithelium. In
contrast, based on currently available data, atrophic and
inflammatory duct lesions in chronic pancreatitis are un-
likely to harbor a significant neoplastic potential.

Thus, telomere dysfunction is by far the most common
early genetic abnormality reported to date in the progres-
sion model of pancreatic adenocarcinoma, with the fre-
quency of telomere length shortening (96%) exceeding
the reported frequencies of K-ras oncogene activation
(50%), loss of p16 expression (30%), and inactivation of
DPC4, BRCA2, and TP53 (all 0%) in low-grade PanIN
lesions (PanIN-1A and PanIN-1B).7–9,29 In addition, unlike
other genetic alterations previously described, the fre-
quency of telomere length alterations seems to be inde-
pendent of the histological grade of PanIN, because a
readily observable progressive shortening of telomere
length was not seen in the transition from PanIN-1A to
PanIN-3. It may be conceivably argued that shortening of
telomere length is a consequence of increased prolifer-
ation within PanIN lesions, a manifestation of the so-
called “end replication” problem in telomerase-negative
cells that are dividing.10,30 However, early and interme-
diate PanINs have a relatively low proliferation rate, as
demonstrated in this and other studies.31 Thus, although
we cannot rule out the possibility that telomere shortening
occurred as a result of a remote proliferative burst in the
ductal epithelium (perhaps during repeated episodes of
injury and repair), it seems to be independent of ongoing
proliferation. The genesis of telomere shortening in PanIN
lesions remains a matter of speculation; postulated
mechanisms include a role for reactive oxidant spe-
cies,32 or inactivation of one or more telomere-binding
proteins that maintain telomere lengths,33–35 and addi-
tional studies may be able to elucidate this issue further.

It is unlikely that shortening of telomeres is, in and of
itself, sufficient to induce neoplasia. However, shortened
telomeres could open the gates, setting the stage for
acquiring progressive chromosomal abnormalities, even
in the absence of excessive proliferation in early-grade
PanINs. This model is also compatible with previous ob-
servations in the natural history of PanINs, including the
presence of allelic imbalance (loss of heterozygosity)
before intragenic mutation,36 which is as expected were
CIN an early phenomenon in the ductal epithelium in this
neoplastic progression model.

In conclusion, we report that telomere shortening is
one of the earliest demonstrable genetic aberrations in
the precursor lesions of invasive pancreatic cancer and
is nearly universal in all histological grades of PanINs.
Telomere shortening is unlikely to provide any direct
growth advantage to the ductal epithelial cells, but it
presumably leads to the acquisition of chromosomal ab-
normalities that facilitates the progression of these cells
toward invasive cancer. The demonstration of strikingly
shortened telomeres in even the PanIN-1A lesions also
provides compelling evidence that these earliest of non-
invasive ductal lesions are integral to the progression
model of pancreatic adenocarcinoma.
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