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Abstract

Chromosomal instability appears to be key to the pathogenesis of malig-
nant transformation in human cancers, yet the precise molecular mechanisms
underlying chromosomal rearrangements remain largely unknown. Telo-
meres stabilize and protect the ends of chromosomes, but shorten because of
cell division and/or oxidativedamage. Critically short telomeres, in the setting
of abrogated DNA damage checkpoints, have been shown to cause chromo-
somal ingtability in vitro and in animal models, leading to an increased cancer
incidence as a result of chromosome fusions, subsequent breakage, and
rearrangement. We present results from a quantitative, high-resolution,
in situ method for telomere length assessment used to test the hypothesisthat
telomere shortening is an early contributor to human tumorigenesis. High-
grade prostatic intraepithelial neoplasia (HGPIN) is a putative preinvasive
precursor of prostatic adenocarcinoma, the most common noncutaneous
malignancy in Western men. The telomere lengths of epithelial cells within
HGPIN lesionswerestrikingly shorter than those of adjacent normal appear-
ing epithelial cellsin 93% (28 of 30) of lesions examined. This shortening is
smilar to what has been shown in fully invasive prostate adenocar cinomas.
Interestingly, telomer e shortening wasrestricted to the luminal epithelial cells
of HGPIN and was not present in the underlying basal epithelial cells; this
provides strong evidence that basal cellsare most likely not the direct targets
of neoplagtic transformation. These findings reveal that telomere shortening
isa defining somatic DNA alteration characterizing HGPIN. Theimplications
of this are that the earliet phase of human prostate carcinogenesis may
proceed as a consequence of chromosomal instability mediated by shortened,
dysfunctional telomeres.

Introduction

The mgjority of human malignancies develop from an accumulation of
anumber of somatic genomic alterations in key regulatory genes (1, 2).
The accrua of many such changes is widely assumed to result from an
underlying genetic instability (3). The vast mgority of epitheliad neo-
plasms appear to develop from morphologicaly defined intragpithelia
precursor lesions (4). Although not extensively studied, examinations of
intragpithelial precursor lesions, including those of prostate cancer, have
shown at least some evidence of genetic instability (5-7). Two major
types of genetic instability have been identified in human malignancies
(8). The first involves smple DNA base changes that occur because of
defects in DNA repair processes such as mismatch repair and nucleotide
excision repair (9, 10). The second type of instability, which is presentin
the mgjority of human carcinomas, is characterized by grosdy abnormal
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karyotypes, featuring both structural and numerical chromosome abnor-
malities (11, 12). Whereas a number of genes are known to be involved
in chromosomd stability (13), only asmall subset of human cancers have
thus far been found to harbor mutationsin such genes (14), and therefore,
the molecular mechanisms responsible for most of these chromosomal
changes remain unknown.

As demongtrated more than 50 years ago (15), telomere dysfunction
can be amajor mechanism for the generation of chromosomal instability.
Telomeres are composed of a tandemly repeated DNA sequence
(TTAGGG in vertebrates) and specific binding proteins located at the
ends of eukaryotic chromosomes (16). These structures stabilize chro-
mosome ends and prevent them from being recognized by the cell as
DNA double-strand breaks. Telomeres are dynamic entities subject to
shortening because of the end replication problem (17), loss of telomere-
binding proteins (18), or oxidative stress (19, 20). Conversdly, telomeres
may be elongated via recombination or, as seen in the vast mgjority of
human cancers, by action of the enzyme telomerase (21).

In human cells, the tumor-suppressor proteins pS3 and pRB are key
components of a telomere length monitoring system that responds to
short telomeres by initiating either replicative senescence or apoptosis
(22, 23). Inactivation of these checkpoints allows critical shortening, such
that the telomeres are no longer able to perform their protective capping
function, resulting in chromosome end-to-end fusions, producing dicen-
tric and ring chromosomes that often bresk or mis-segregate during
mitosis (24). The resulting broken ends can undergo additional rounds of
recombination resulting in complex chromosomal rearrangements and
aneusomies (15, 25, 26). It has been postulated that such dysfunctional
telomeres may promote neoplastic transformation by contributing to
genetic instability, therefore playing a causal role in tumorigenesis (27—
29). Results from the telomerase template RNA knockout mouse model,
in which late generation animals possessing critically short telomeres
exhibit abnormal karyotypes and an increased cancer incidence, support
this concept (26). Additional support comes from the work of Artandi
et al. (30), in which crossing telomerase knockout mice with p53+/—
mice results in a shift in the spectrum of tumors normaly seen in the
p53-defective background (primarily lymphomas and sarcomas) to one
dominated by carcinomas displaying the types of karyotypic abnormali-
ties, such as nonreciprocal trandocations, that are often observed in
human epithdlia cancers.

In humans, severa studies have shown that tumor telomeres are often
shorter than those of adjacent normal tissue (31-35). In addition, ana-
phase bridges, likely because of dysfunctional telomeres, have been noted
in some human tumor cells in vitro (36, 37), as well asin stu in early
stage colon cancers (38). If critical telomere shortening does, in fact,
contribute to the genetic instability thought to underlie human epithelia
neoplasia, then it should presumably occur during or before the invasive
phase of carcinogenesis. Unfortunately, studies of telomere length in
preinvasive lesions have been hampered by the technical requirement for
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Fig. 1. Short telomeres in the luminal epithelia cells
of PIN lesions. Representative images of normal and PIN
human prostate glands stained for telomeres (Red; Cy3-
labeled antitelomeric probe), basal cell-specific cytokera
tins (Green; antibody 34bE12), and DNA (Blue; DAPI).
a, PIN lesion adjacent to normal gland with intervening
stroma. PIN lumina epithelial cells are indicated by
arrows, underlying basal cells by arrowheads. b, fluores-
cence deconvolution image of normal prostate epithelium
displaying equal telomere signalsin the lumina epithelial
cells (arrow) and basal cells (arrowhead). ¢, fluorescence
deconvolution image of a PIN lesion displaying reduced
telomeric intensities in the luminal cells (arrow) com-
pared with the underlying basal cells (arrowhead).

fairly large (100,000 cells) unfixed tissue samples and by the cell type
heterogeneity typical of such samples (39).

In this study, we used a recently validated fluorescent in situ method
for telomere length assessment (40) to test the hypothesis that telomere
shortening is an early contributor to human tumorigenesis. To this end,
we probed telomere lengths in HGPIN,? the putative preinvasive precur-
sor to adenocarcinomas of the prostate. Because the method provides
single cell resolution, we were able to directly compare the telomere
lengths of epithelial cells within PIN lesions to those of adjacent normal
prostatic epithelia cells. We found clear evidence of significant telomere
shortening in PIN epithelia cellsin the vast majority of lesions examined.
In addition, the simultaneous application of telomere fluorescence in situ
hybridization and immunofluorescence allowed us to compare telomeres
between basd and secretory epithelia cell subtypes within the same
high-grade PIN lesion to provide definitive evidence regarding precisaly
which cell type exhibits this somatic molecular dteration.

3 The abbreviations used are: HGPIN, high-grade prostatic intraepithelial neoplasia;
PIN, prostatic intragpithelial neoplasia; DAPI, 4',6-diamidino-2-phenylindole.

L4

Materials and Methods

Tissue Samples. Human tissues were obtained from the Department of
Surgical Pathology at the Johns Hopkins University School of Medicine.
Radical prostatectomy specimens (n = 6) from patients that underwent surgery
for localized adenocarcinoma of the prostate were obtained fresh from the
operating room. Patient ages ranged from 47 to 67 years. Radical prostatec-
tomy Gleason scores ranged from 6 to 8. Specimens were immediately inked
and processed by vigorous injection of formalin, followed by microwave
treatment. Prostates were then sectioned, and tissues were additionally fixed
for 1-4 h and then subjected to standard tissue processing and paraffin
embedding. Twenty formalin-fixed needle biopsy core specimens from sepa-
rate patients with histopathological diagnoses of PIN without frank carcinoma
were also obtained.

Telomere Fluorescencein Situ Hybridization and |mmunofluor escence.
The protocol for combined staining of telomeric DNA (FISH probe) and immu-
nostaining was performed without protease digestion as described previoudy (40).
Briefly, deparaffinized dides underwent heat-induced antigen retrieval followed
by hybridization with a Cy3-labeled, telomere-specific peptide nucleic acid probe,
and were then processed for indirect immunofluorescence using an anticytokeratin
primary antibody (34BE12; Enzo Diagnostics, Farmingdale, NY), followed by
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Table1 Telomere length comparisons: normal luminal epithelial cells versus HGPIN luminal epithelial cells

Normal [uminal PIN [uminal
Patient Lesion Gleason Normal:
no. no. score Age Stage Mean SD n Mean SD n PIN Ratio P

1 1 6 67 T2NOMX 345 80 20 41 30 20 84 <0.0001
1 2 6 67 T2NOMX 345 80 20 47 15 20 7.3 <0.0001
2 3 8 59 T3ANOMX 628 325 13 278 220 14 2.3 0.0029
2 4 8 59 T3ANOMX 628 325 13 111 31 7 57 0.0006
2 5 8 59 T3ANOMX 628 325 13 159 29 5 4.0 0.006
3 6 6 53 T2NOMX 435 159 12 151 85 14 29 <0.0001
3 7 6 53 T2NOMX 189 78 12 169 58 15 11 0.45

4 8 6 57 T2NOMX 162 69 14 116 39 9 14 0.08

5 9 6 47 T2NOMX 239 61 17 110 66 17 22 <0.001
6 10 8 57 T3ANOMX 118 53 7 25 23 11 4.7 0.0001
6 11 8 57 T3ANOMX 118 53 7 48 37 6 25 0.021

application of rabbit IgG fraction Alexa Fluor 488 (Molecular Probes) and coun-  Results

terstaining with DAPI (Sigma Chemical Co., St. Louis, MO).

Microscopy and Image Analysis. Norma glands and PIN lesions were
identified on H& E-stained adjacent tissue sections before fluorescence micros-
copy. The staining of telomeres revealed widely and apparently randomly
distributed nuclear signals in al of the cases examined, with no evidence of
either periphera or other nuclear sublocalization, in keeping with the results of
previous studies (41-43). The dispersed nature of telomeric signals was
additionally verified by optical sectioning followed by deconvolution and
3-dimensional image reconstruction.

Telomere signals were quantitated by a method validated recently in which
the sum of pixel intensities in the Cy3 channel for a given cell nucleus is
normalized to the DAPI signal. DAPI staining provides a robust measure of
DNA content, being largely insensitive to cell type, proliferation status, and
degree of chromatin condensation (44, 45). To rule out the possibility that
DNA denaturation (in the presence of formamide) and renaturation that occurs
during the staining protocol affects the quantitative binding of DAPI to DNA,
control experiments were conducted. The comparison of the DAPI signal on
adjacent tissue sections from several different cases using a tissue microarray
either with or without subjecting the slides to the fluorescent in situ method for
telomere length assessment staining procedure showed no consistent effects on
the quantification of the DAPI signal.

Slides were imaged with a Zeiss Axioskop epifluorescence microscope
equipped with appropriate fluorescence filter sets (Carl Zeiss Inc, Thornwood,
NY and Omega Optical, Brattleboro, VT). During fluorescence microscopy,
basal cellswere differentiated from stromal cellsand luminal epithelial cells by
positive staining with the basal cell-specific anticytokeratin antibody 34bE12.
Fluorescent images were captured with a cooled CCD camera (Micro MAX
digital camera; Princeton Instruments, Trenton, NJ), and the digitized fluores-
cent telomere signals were quantified using a semiautomated algorithm written
with the image analysis software package IPLabs (Scanalytics, Inc., Fairfax,
VA), as described previously (40). An average of 12 representative nuclei per
cell subtype (stromal, basal epithelial, lumina epithelial, and cancer) were
quantified. Rare nuclei that were obviously undergoing mitosis were excluded
from our analysis. For each patient sample, comparisons of the mean ratios of
telomeric 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). Using this technique for telomere quantification, telomere signals
were shown previously to be linearly proportional to average telomere length,
as assessed by Southern blotting, in avariety of cell lines representing different
cell types, ploidies, and proliferation rates (40).

To obtain high-quaity images, and to verify the distributed nature of the
telomere signals within the nuclei of prostetic tissue sections, images were also
obtained using an Applied Precision Deconvolution System with an Olympus IX
70 epifluorescence microscope (Olympus America, Mélville, NY) with a X100
Plan Apo objective lens (1.35 numerica aperature) and appropriate fluorescence
filter sets. Raw data dlices were captured with a Roper CH350 1K X 1K, 16-hit,
CCD camera (Roper Scientific, Trenton, NJ), using 0.2 um z-steps and processed
by conservative deconvolution iterations using the appropriate optical transform
function, as determined by the lens point spread function with the Softworx
software package (version 2.50; Applied Precision, Issaquah, WA).

Microscopic examination of prostate tissue sections hybridized with a
telomere-specific fluorescent peptide nucleic acid probe showed mark-
edly reduced telomere signas in HGPIN lesions when compared with
either the surrounding stroma, or to the stroma and epithelia of adjacent
normal-appearing glands (n = 11 HGPIN lesions from 6 separate radica
prostatectomy specimens; Fig. 1). Quantification of the telomere signals
confirmed statistically significant telomere shortening in luminal cellsin
9 of the 11 PIN lesions (82%) when compared with adjacent normal-
appearing prostate luminal epithelia cells (Table 1). Norma luminal
epithelia cells had, on average, 3.9-fold (range: 1.1-8.4) more telomeric
fluorescence than did the PIN lumina cells. This implies that the
telomeres of PIN lesions are, on average, ~4-fold shorter than their
normal counterparts. Unfortunately, no definitive statements can be made
regarding the precise lengths of the telomeric tracts within these cdlls, as
absolute internd standards for telomeric length do not exist in our tissue
sections. Two of the six specimens contained foci of invasive cancer,
which aso exhibited shortened telomeres, the magnitude of which was
similar to that seen previoudy (40) and in the corresponding PIN lesions
(data not shown). Stroma cells generally exhibited telomere lengths
similar to, or dightly longer than, adjacent benign norma-appearing
prostatic epithelium and also displayed a greater degree of heterogeneity
(Fig. 2).

Strikingly, the telomere shortening in PIN lesions was restricted to the
luminal epithelial cells and did not appear to occur within the basal cell
compartment (Fig. 1). When compared with the underlying basal cell
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Fig. 2. Mean normalized telomeric fluorescent intensities by cell type for 11 HGPIN
lesions (n = 6 patients) and adjacent normal tissues. Data representing the means of
DAPI-normalized telomere fluorescence signals from individua cells, grouped according
to cell type, are displayed in box plot format. Boxed regions enclose the 25th through 75th
percentiles. Vertical lines indicate medians. Whiskers include the 5th to 95th percentiles.
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Table2 Telomere length comparisons: HGPIN luminal epithelial cells versus underlying PIN basal cells

PIN basal PIN luminal
Patient Lesion Basal:
no. no. Mean SD n Mean SD n luminal ratio P

1 1 162 33 13 41 30 20 4.0 <0.0001
1 2 168 69 10 a7 15 20 3.6 <0.0001
2 3 641 293 16 278 220 14 2.3 0.0007
2 4 430 103 9 111 31 7 39 <0.0001
2 5 409 130 7 159 29 5 2.6 0.0019
3 6 297 80 17 151 85 14 2.0 <0.0001
3 7 394 107 7 169 58 15 23 <0.0001
4 8 237 75 12 116 39 9 2.0 0.0003
5 9 221 58 15 110 66 17 2.0 <0.0001
6 10 295 56 11 25 23 11 11.8 <0.0001
6 11 199 128 5 48 37 6 42 0.021

layer within the same PIN lesions, telomere lengths of the PIN luminal
cellswere statitically significantly shorter than the basal cellsindl of the
PIN lesions examined (n = 11; Table 2). PIN basal cellshad, on average,
3.7-fold (range, 2.0—11.8) more telomeric fluorescence than did the PIN
lumina cells. By contrast, in normal-appearing epithelium, the telomere
lengths of the lumina and underlying basal cells were essentiadly equa
(data not shown).

To determine whether telomere shortening occurs in HGPIN lesions
from patients without evidence of concurrent prostatic carcinoma, 20
samples consisting of diagnostic prostate needle biopsy specimens, with
histopathologic diagnoses of HGPIN without associated cancer, were
also examined. Visua inspection reveded that, in every case, the telo-
mere fluorescent signals within the PIN luminal compartments were
markedly diminished as compared with either the underlying basal cells
or the adjacent normal epithelium.

Discussion

The origins of chromosoma instability in the majority of human
epithelial cancers and thelir intragpithelial precursor lesions are unknown.
In this study, we find direct evidence for telomere shortening in the
epithelial cells of a human cancer precursor lesion, consistent with the
hypothesis that telomere shortening may play an early role in human
tumorigenesis. Specificaly, the epithelia cellsin 28 of 30 HGPIN lesions
(93%) show marked telomere shortening, similar in magnitude to what is
observed for invasive carcinoma (40). In addition, wefind that basal cells
within HGPIN do not show this somatic DNA alteration, and, therefore,
are most likely not the direct targets of neoplastic change in the prostate.

Prostate epithelium contains two major cell types, basal and secretory.
The vast mgjority of prostate cancer cells and the atypica cells within
HGPIN lesions possess a phenotype that is most consistent with secretory
luminal cells. For example, HGPIN cells express abundant androgen
receptor, PSA, prostate specific acid phosphatase, high levels of cytok-
eratins 8 and 18, and generdly lack cytokeratins 5 and 14, aswell as p63
(46). Because basdl cells are thought to give rise to secretory cells, they
have been postulated to be prostatic stem cells. In most organs where
epithdlial neoplasms predominate, stem cells are widely thought to be the
cedlls that undergo neoplagtic transformation (47). However, there is no
definitive molecular evidence that shows whether basal cells or secretory
type cells are the ultimate targets of neoplastic transformation in the
prostate. The data presented here suggest that measurable somatic te-
lomere shortening does not occur to a large degree in basa cells.

Because the overwhelming mgjority of normal prostate luminal cells
are not proliferative and are thought to be terminally differentiated, the
current finding of telomere shortening only in the lumina compartment
supports the concept that proliferative cells possessing a phenotype in-
termediate between basal and luminal cells are the targets for neoplastic
transformation in the prostate (46, 48, 49). Other indirect evidence
suggests that basa cells are not the target for transformation. For exam-
ple, norma prostate basal cells express proteins, such as glutathione

Stransferase 7, thought to function in the defense against electrophilic
carcinogens. The GSTP1 gene is inactivated by bidlelic methylation in
~90% of prostate cancers and at least 70% of HGPIN (50-52). Because
basa cellsin PIN lesions maintain GSTPL expression, it can be inferred
that, unlike prostate cancer cells, these cells do not undergo somatic
bidldic methylation of the GSTP1 gene, the product of which may
therefore function to protect the genome.

While established invasive prostatic adenocarcinomas contain telom-
erase activity in at least 85% of cases, telomerase activity has been
detected in only 16% of HGPIN cases (53). Because PIN lesions are
highly proliferative compared with adjacent normal tissue (54, 55), our
results suggest that PIN cells undergo a number of cell divisions without
telomerase (Fig. 3). This proliferation in cells lacking a telomere main-
tenance mechanism, possibly in conjunction with immune-mediated
oxidant stress (49), would promote telomere shortening, eventually gen-
erating one or more dysfunctional telomeres. We propose that telomeres
are subsequently stabilized in the subset of PIN lesions that activate
telomerase, and that it is these PIN lesions, theoreticaly capable of
unlimited cell division, that may eventualy progress to fully invasive
adenocarcinoma. Thisissimilar to what isthought to occur during human
colorectal carcinoma progression (38). It will be of interest to know how
widespread a phenomenon early telomere shortening is in other cancers.
To this end, studies applying this method to archival specimens contain-
ing the recently identified precursor lesions of pancrestic cancer, pancre-
atic intragpithelia neoplasia, showed marked telomere shortening in the
vast majority of specimens (56).
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Fig. 3. Model for involvement of telomere shortening in human prostate tumorigenesis.
Telomere shortening occurs early, at or before the PIN stage, and is proposed to contribute
to chromosomal instability, hence neoplastic transformation.
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