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A critical function of the telomere is to disguise chromosome ends from cellular recognition as double strand breaks,
thereby preventing aberrant chromosome fusion events. Such chromosome end-to-end fusions are known to initiate
genomic instability via breakage-fusion-bridge cycles. Telomere dysfunction and other forms of genomic assault likely
result in misregulation of genes involved in growth control, cell death, and senescence pathways, lowering the threshold
to malignancy and likely drive disease progression. Shortened telomeres and anaphase bridges have been reported in a
wide variety of early precursor and malignant cancer lesions including those of the prostate. These findings are being
extended using methods for the analysis of telomere fusions (decisive genetic markers for telomere dysfunction)
specifically within human tissue DNA. Here we report that benign prostatic hyperplasia (BPH), high-grade prostatic
intraepithelial neoplasia (PIN), and prostate cancer (PCa) prostate lesions all contain similarly high frequencies of telomere
fusions and anaphase bridges. Tumor-adjacent, histologically normal prostate tissue generally did not contain
telomere fusions or anaphase bridges as compared to matched PCa tissues. However, we found relatively high levels of
telomerase activity in this histologically normal tumor-adjacent tissue that was reduced but closely correlated with
telomerase levels in corresponding PCa samples. Thus, we present evidence of high levels of telomere dysfunction in BPH,
an established early precursor (PIN) and prostate cancer lesions but not generally in tumor adjacent normal tissue. Our
results suggest that telomere dysfunction may be a common gateway event leading to genomic instability in prostate
tumorigenesis. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

The telomere, a complex of tandem (T2AG3) DNA
repeats and associated proteins, disguises the chro-
mosome terminus from recognition as a double
strand break and inhibits linkage events with other
genomic regions. Telomeric DNA sequences are
generated by telomerase, a reverse transcriptase that
utilizes an internal RNAmoiety and a protein catalytic
subunit known as hTERT [1,2]. Telomerase activity is
present in normal primitive cellular subpopulations
(i.e., progenitor cells), germ line cells, and in the
majority of premalignant andmalignant lesions but is
generally not present at sufficient levels in normal
somatic cells to maintain telomere length [2–4].
Critically shortened telomere lengths normally

trigger tumor suppression via senescence and apopto-
tic pathways [3,5]. However, these tumor suppressive
mechanisms may be disrupted in a rare cell or small
groups of cells by telomere dysfunction and other
forms of genomic instability lowering the threshold
of cancer initiation and progression [3,5,6]. In
addition, chromosome end-to-end fusions with sub-
sequent stochastic breakage-fusion-bridge cycles may
contribute to the intratumoral genomic heterogene-
ity reported in many human cancers [6–8].
Multiple types of lesions of varying morphological

characteristics and severity can afflict the prostate.

High-grade prostatic intraepithelial neoplasia (PIN)
has been identified as a likely precursor lesion to
PCa [9]. PIN has been shown to share similar
molecular profiles and cytogenetic aberrations as
PCa and has been localized to the same epithelial
layers and prostatic tissue compartments [9–11]. In
PIN, the basal epithelial layer begins to disappear as
the secretory cells proliferate, and in PCa the basal
epithelial layer vanishes entirely, indicating a likely
progression from PIN to PCa [11].
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Another highly prevalent type of prostatic lesion
called benign prostatic hyperplasia (BPH) is charac-
terized by excessive proliferation of prostatic cells and
results in severe urinary tract complications in a large
percentage of older males [12,13]. A predominant
model of BPH, which originates in basal epithelial
cells, is that it does not progress to PCa, as its name
implies [14–16]. However, several recent reports
indicate that BPH and PCa may share more similari-
ties than previously identified. Mapping of prostatic
carcinomas to their regions of origin showed that 25%
were derived from the transition zone, traditionally
believed to be the exclusive site of BPH, and two thirds
of the transition zone carcinomas were found
concomitantly with BPH in the same region, thus
preventing a clear distinction between the two types
of lesions based on prostate location [17]. Further-
more, BPH and PCa share some gene expression
profiles involved in cancer development and progres-
sion, and both express telomerase [17–22]. Though
several large-scale epidemiological studies indicate
that men with BPH have an increased risk of prostate
cancer and prostate-cancer-related mortality, it re-
mains unclear whether this association reflects a
causal link [23].

Anaphase bridges have been noted along with
significantly shortened telomeres in multiple types of
human cancer cells [5]. These findings are now being
extended using methods for the analysis of telomere
fusion in human cancers. Telomere fusions are a
decisive genetic marker for telomere dysfunction.
Reports of telomere fusions in leukemia and solid
tumors (colon and breast) have added increasing
support to the hypothesis that telomere dysfunction
plays a critical role in the development of genomic
instability and tumorigenesis [24–26].

Here, we report that BPH, PIN, and PCa samples
revealed similarly high frequencies of telomere
fusions and anaphase bridges. In addition, the
majority of BPH, PIN, and PCa tissues exhibited
telomerase activity, though PCa tissues on average
contained the highest levels of telomerase. Addition-
ally, tumor-adjacent, histologically normal prostate
tissue did not generally contain telomere fusions (1 of
15 were positive for telomere fusions) but surprisingly
exhibited levels of telomerase activity reduced but
comparable to matched PCa tissue. Furthermore,
telomere length was found to be the shortest in PCa
samples and was significantly shorter in PCa samples
than in matched tumor adjacent, histologically
normal tissues. These results indicate that telomere
dysfunction is a highly prevalent genetic aberration
present in hyperplasic to neoplastic prostatic lesions.

MATERIALS AND METHOD

Cell Lines

Human foreskin fibroblast BJ, BJ E6/E7 cells were
kindly provided by Dr. Woodring Wright (University

of Texas Southwestern Medical Center) [27]. HeLa
cells were purchased from the American Type Culture
Collection (http://www.atcc.org/), which were tested
and authenticated by the cell bank using their
standard short tendem repeats (STR)-based techni-
ques. All cells were continuously monitored micro-
scopically to ascertain conformity to the appropriate
in vitro morphologic characteristics. Cells were
additionally checked to be free of mycoplasma
contamination. Cells were cultured in advanced
DMEM (Life Technologies, Grand Island, NY) with
L-glutamine, penicillin-streptomycin, and 5% FBS at
378C in 5% (vol/vol) carbon dioxide.

Prostate Tissues

Human prostate tissues with BPH (30; age range
53–90; mean 69.4), high-grade PIN (24; age range
55–71; mean 63.7), PCa (32; age range 49–76; mean
62.3), and adjacent normal (15; age range 49–76;
mean 62.9) were obtained from the Indiana Universi-
ty Simon Cancer Center Tissue Bank (Table 1 and
Figure 1A). Adjacent normal tissues were surgically
removed at least 5mm from the closest surgical
resection margins of all prostatic lesions [28,29]. BPH
tissue was obtained from patients who underwent
transurethral resection for BPH treatment. High grade
PIN, PCa, and adjacent normal tissue were obtained
from radical prostatectomy specimens from prostate
cancer patients. Each aliquot of de-identified tumor
tissue was given a unique barcode for identification.
The lesions were histologically confirmed by a
urologic pathologist (L.C.). This research was ap-
proved by the Indiana University School of Medicine
Institutional Review Board.

mRNA Assays for Signature Genes

mRNA steady-state levels of several genes (HPN,
PSA, MYC, TP53, IGF2, FGFR1, TGFB3, and PTEN)
were determine by real-time PCR from BPH, PIN, and
PCa prostatic tissue lesions. cDNAwas generated from
Trizol extracts using the Quantiscript Reverse Tran-
scriptase Fastlane cDNA kit (Qiagen, Valencia, CA).
Samples were subjected in triplicate to 40 amplifica-
tion cycles (10 s at 958C, 20 s at 608C, and 30 s at 728C)
on the LightCycler1 480 II (Roche, Indianapolis, IN).
The negative controls used were (i) no cDNA
template, and (ii) no reverse transcription treatment
in each experiment. Gene transcript levels were
calculated utilizing the DDCt method [30] with TBP
(TATA box binding protein) expression as a
loading control. The primers used were: HPN_F,
50-GATGTCTGCAATGGCGCTGAC-30; HPN_R, 50-
CCACACAGCCGCCAACGTG-30; PSA_F, 50-GGCAT-
CAGGAACAAAAGCGTGA-30; PSA_R, 50-CCTGAGG-
CGTAGCAGGTGGTCCCCAG-30; MYC_F, 50-TAC
CCT CTC AAC GAC AGC AG-30; MYC_R, 50-TCT
TGA CAT TCT CCT CGG TG-30; TP53_F, 50-GCCATC-
TACAAGCAGTCACAGCACAT-30; TP53_R, 50-GGCA-
CAAACACGCACCTCAAAGC-30; IGF2_F, 50-GCACA-
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GCAGCATCTTCAAAC-30; IGF2-R, 50- TTGGTCTTAC-
TGGGTCCCTC-30; FGFR1_F, 50-ATCATCTATTGCA-
CAGGGGCC-30; FGFR1_R, 50-CATACTCAGAGACC-
CCTGCTAGC-30; TGFb3_F, 50-CACCCAGGAAAA-
CACCGAGTC-30; TGFb3_R, 50-CTCATTGTCCCACG-
CCTTTGAA-30; PTEN_F, 50-GTTTACCGGCAGCAT-
CAAAT-30 and PTEN_R, 50-CCCCCACTTTAGTGCA-
CAGT-30.

TAR Fusion PCR

Genomic DNAwas isolated from all prostate tissues
using theDNeasy Tissue Kit (Qiagen,MD). TAR fusion
PCR was performed following the protocol described
previously [26]. Two-step touchdown PCRs were
performed in a 20ml reaction mixture using 50ng of
DNA, multiple primers, 10% 7-deaza-dGTP (Roche
Diagnostics), and Advantage GC Genomic LA Poly-
merase Mix (Clontech Laboratories, Inc.,). The cy-
cling conditions were initial denatured at 948C for

3min followed by 10 cycles of 948C for 30 s, and 728C
(�0.48C each cycle to a “touchdown” at 688C) for
5min, and then 20 cycles of 948C for 30 s, 688C for
5min. Primer mix A contained eight primers that
anneal within TAR1 regions (with the exception of Xp
and 17p): 1p, 2p, 5p, 7q, 9p, 11q, 12q, 15q, 16p, 17p,
18p, Xp, and Xq. Primer mix B contained eight
primers that anneal within TAR1 regions (with the
exception of Xp and 17p): 1q, 2p, 4p, 4q, 5p, 7q, 10q,
12q, 17p, 18p, 19q, 21q, and Xp. Primer sequences
have been described previously [26]. TAR Fusion PCR
productswere then resolved on a 0.8% agarose gel and
Southern analysis was performed using a 32P-labeled
[TTAGGG]4 probe. To calculate the total number of
possible telomere fusion combinations, the general
equation C(n,2)þn was used, where n is the number
of unique chromosomal ends. This equation can be
simplified to n(nþ1)/2. In human somatic cells with
46 possible unique chromosome ends, there are

Table 1. Benign prostatic hyperplasia, high-grade prostatic intraepithelial neoplasia, and prostate cancer tissues

BHP PIN PCa

Type Age Type Age Type Age Gleason T N

BHP 53 PIN 55 PCa 49 3 þ 4 ¼ 7 T3a N0
BHP 56 PIN 56 PCa 49 3 þ 4 ¼ 7 T3b N1
BHP* 56 PIN 58 PCa† 51 4 þ 3 ¼ 7 T3a N1
BHP 57 PIN 58 PCa 52 3 þ 4 ¼ 7 T3a N0
BHP 57 PIN 60 PCa 54 3 þ 4 ¼ 7 T3a N0
BHP 58 PIN 60 PCa† 56 3 þ 4 ¼ 7 T2a N0
BHP 60 PIN 61 PCa† 56 4 þ 3 ¼ 7 T3a N0
BHP* 62 PIN 61 PCa 57 3 þ 4 ¼ 7 T3a N.A.
BHP 64 PIN 62 PCa 58 3 þ 4 ¼ 7 T3a N0
BHP* 65 PIN 64 PCa† 58 3 þ 4 ¼ 7 T2b N0
BHP 66 PIN 65 PCa 60 3 þ 4 ¼ 7 T3a N0
BHP* 66 PIN 65 PCa† 61 3 þ 3 ¼ 6 T2a N.A.
BHP 67 PIN 66 PCa† 61 3 þ 3 ¼ 6 T2b N0
BHP 71 PIN 66 PCa 62 4 þ 3 ¼ 7 T3b N.A.
BHP 71 PIN 66 PCa 63 4 þ 3 ¼ 7 T3b N1
BHP 71 PIN 66 PCa† 63 3 þ 4 ¼ 7 T3a N0
BHP 73 PIN 67 PCa† 63 3 þ 3 ¼ 6 T2b N0
BHP 74 PIN 67 PCa 64 4 þ 3 ¼ 7 T3b N1
BHP 74 PIN 69 PCa 64 4 þ 3 ¼ 7 T2b N0
BHP* 74 PIN 69 PCa† 64 3 þ 3 ¼ 6 T2c N.A.
BHP* 74 PIN 70 PCa 64 3 þ 3 ¼ 6 T2c N.A.
BHP 75 PIN 71 PCa† 65 3 þ 4 ¼ 7 T2b N.A.
BHP* 75 PIN NA PCa 67 4 þ 3 ¼ 7 T2b N0
BHP* 75 PIN NA PCa† 68 4 þ 3 ¼ 7 T3b N.A.
BHP 76 PCa 68 5 þ 4 ¼ 9 T3b N0
BHP* 76 PCa† 69 4 þ 5 ¼ 9 T3a N.A.
BHP 79 PCa 71 3 þ 4 ¼ 7 T3a N0
BHP* 82 PCa 71 4 þ 3 ¼ 7 T3a N1
BHP 84 PCa‡ 72 3 þ 3 ¼ 6 T2b N0
BHP 90 PCa† 74 4 þ 3 ¼ 7 T3a N0

PCa 76 3 þ 4 ¼ 7 T2c N0
PCa† NA 3 þ 4 ¼ 7 T3a N.A.

BPH, benign prostatic hyperplasia; PCa, prostate cancer; N.A., not available; PIN, prostate intraepithelial neoplasia.
*Matching blood collected.
†Tumor adjacent, histologically normal tissue collected.
‡Only tumor adjacent, histo;ogically normal tissue collected.
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(46�47)/2¼1081 possible end-to-end fusion combi-
nations. Eachprimermix covers 13 chromosome ends
(n¼13), so each primer mix can detect (13�14)/
2¼91 possible fusion combinations. Primer Mix A
and Primer Mix B share seven primers for a total
number of (7�8)/2¼28 shared fusion combinations.
Thus, the total number of possible fusion combina-
tions detected by both primer mixes is 91þ91 –
28¼154, for a total percentage of coverage of 154/
1081¼14.2%

Telomere Length

Telomere length in isolated genomic DNA from
prostate tissues was determined using the terminal
restriction fragment length assay described
elsewhere [31].

Telomerase Activity

Telomerase activity assay was performed by the
telomeric repeat amplification protocol (TRAP) using
the TRAPeze Telomerase Detection Kit (Millipore,
MA). Tissues (approx. 10mg each)were lysedwith ice-
cold 1�CHAPS lysis buffer [10mM Tris-HCl (pH 7.5),
1mM MgCl2, 1mM EGTA, 0.1mM benzamidine,
5mM b-mercaptoethanol, 0.5% CHAPS, and 10%
glycerol] containing RNase inhibitor at a final
concentration of 100U/mL. A reaction mixture of
50ml containing 0.5mg of protein extract, 10ml of
5�TRAP reaction mix (Tris buffer, primers, dNTPs,
and oligomer mix for amplification of 36-bp internal
control band), and 2U of Taq DNA polymerase were
incubated for 30min at 308C and then subjected to
denaturation at 958C for 5min. A PCR of 30 cycles of
958C for 30 s, 528C for 30 s, and 728C for 30 s was
performed. For direct visualization of the TRAP
ladders, the PCR products were electrophoresed on
a 12.0% polyacrylamide gel and and visualized by
SYBR Green phosphorimaging, as described [32].

hTERT mRNA Levels

Total cellular RNA was extracted from 5–10mg of
tumour tissues using the RNeasy Mini isolation kit
(Qiagen, Hilden, Germany) according to the manu-
facturer’s protocol. The cDNA was generated from
total RNA using the Quantiscript Reverse Transcrip-
tase Fastlane cDNA kit (Qiagen, Valencia, CA). The
quantitative real-time PCR of hTERT and TATA-box-
binding protein (TBP) (as an internal control) were
performed on the LightCycler1 480 II (Roche). The
hTERT primer sequences were 50-CGG TGT GCA CCA
ACA TCT AC-30 (forward) and 50-CAC ACA TGC GTG
AAA CCT G-30 (reverse), and hTERT probe was Probe
#18 fromUniversal ProbeLibrary (Roche). TBPprimers
and probe were from Universal ProbeLibrary Human
TBP Gene Assay (Roche), and the primer sequences
were 50-TGA ATC TTG GTT GTA AAC TTG ACC-30

(forward) and 50-CTC ATG ATT ACC GCA GCA AA-30

(reverse). The reaction mix was incubated at 958C for
10min, and 45 cycles of PCR at 958C for 10 s, 608C for

Figure 1. Patient age and selected gene expression profile. (A)
Patient age ranges for benign prostatic hyperplasia (BPH), prostatic
intraepithelial neoplasia (PIN), and prostate cancer (PCa) lesions
described in Table 1. Comparison between BPH and PCa expression
levels of HPN (B), PSA (C),MYC (D), TP53 (E), IGF2 (F), FGFR1 (G), TGFB3
(H), and PTEN (I). TATA-binding protein (TBP) was used as a normalizing
control. Each bar represents the results of five to six independent
samples, each with three technique replicates (mean� se). Standard t-
test analysis is shown.
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30 s, and 728C for 1 s, followed by cooling to 408C. The
hTERT signal was detected by filter FAM
(465–510nm), and TBP by filter HEX/Yellow555
(533–580nm). All samples were measured in tripli-
cate. The crossing point (Cp) was determined by the
second derivative maximum method, and hTERT
mRNA level was expressed as a ratio of hTERT to TBP
cDNA amount in respective subpopulations as well as
in HeLa positive control determined by “Advanced
Relative Quantification” using Light Cycler1 480
Software (1.5.0, Roche).

Fluorescence In Situ Hybridization

Fluorescence in situ hybridization was performed
on isolated nuclei following the method described
previously [33]. FISH probes were commercial CEP 17
(Spectrum Green), CEP X (Spectrum Green and
Orange), and CEP Y (Spectrum Orange) (Abbott
Molecular, Des Plaines, IL). DAPI stained images
were captured at �100 magnification using a Spot
RTKE camera (Diagnostic Instruments, Sterling
Heights, MI), mounted on a Leica DN5000B micro-
scope (Leica Microsystems, Buffalo Grove, IL). More
than 50 nuclei were scored per sample.

Analysis of Anaphase Bridges

Haematoxyl Eosin (H&E) stained tissue sections of
human prostate lesion tissues (BPH, PIN, and PCa) were
received from the Indiana University Simon Cancer
Center Tissue Bank with Indiana University School of
Medicine Institutional Review Board approval. The
slides were histologically confirmed by a urologic
pathologist (LC). Anaphase bridges in H&E stained
tissues of BPH, PIN, and PCa with corresponding
adjacent, histologically normal prostate tissues were
quantitated microscopically (Leica DN5000B) [34,35].
An anaphase bridge was defined as a continuous
chromatin linkbetweenthetwoseparatedchromosome
masses at anaphase [36].

Statistical Analysis

Statistical significance was calculated using the
Student’s t-test. A difference of P<0.05 was consid-
ered statistically significant.

RESULTS

Prostate tissue specimens were obtained and re-
viewed for histological confirmation by a urological
pathologist (LC) at the Indiana University Simon
Cancer Center (Table 1 and Figure 1A). In addition,
mRNA expression assays were performed for specific
genes previously associatedwith BPHand PCa [hepsin
(HPN), prostate specific antigen (PSA), c-Myc onco-
gene, TP53, insulin-like growth factor 2 (IGF2),
fibroblast growth factor receptor 1 (FGFR1), trans-
forming growth factor beta 3 (TGFb3), and phospha-
tase and tensin homologue (PTEN)]. Of these eight
genes, expression of HPN [37–40], PSA [38,41],

MYC [37,39,42], and TP53 [41,43–46] was significant-
ly higher in PCa than in BPH, while expression of
IGF2 [37,38,40,47], FGFR1[38,47], TGFb3 [38,47,48],
and PTEN [42]was significantly downregulated in PCa
compared to BPH as previously reported (Figure 1B–I).
Additionally, we compared the expression of these
key signature genes with the PIN tissues used in these
studies. PIN tissues exhibited significantly higher
expression than BPH or PCa in TP53 and FGFR1
(Figure 1E and G). Expression of TGFb3 and PTEN in
PIN was slightly lower than in PCa and much lower
than in BPH (Figure 1H and I). HPN, PSA, MYC, and
IGF2, however, were expressed at intermediate levels
in PIN, as compared to BPH and PCa (Figure 1B–F).
Our results confirm previous reports regarding differ-
ential expression of these key signature genes for the
BPH and PCa tissues used in this study.

We utilized a multiplex PCR-based assay, TAR
(telomere-associated repeat) fusion PCR, to quanti-
tate the frequencies of telomere fusions using
isolated DNA from each tissue sample [26]. Telo-
mere fusion levels are a decisive genetic marker for
the extent of telomere dysfunction in DNA isolated
from human tissue samples since conventional
cytogenetic approaches are not feasible in this
context [26]. We examined telomere fusion fre-
quencies in genomic DNA isolated from BPH
(n¼30), PIN (n¼24), PCa (n¼31), and tumor-
adjacent, histologically normal (adjacent; #15)
human prostate tissue samples. Patient ages ranged
from 49 to 90, with an overall mean age of 65
(Figure 1A). All three types of prostatic lesions
examined contain similarly high frequencies of
telomere fusions (BPH¼65%; PIN¼55%; PCa
¼62%; Figure 2) particularly considering the cur-
rent limitation of chromosome fusion coverage (see
Materials and Method section “TAR fusion PCR” for
explanation). No fusions were observed in white
blood cell DNA isolated from 10 matched BPH
patients (Table 1 and Figure 2) and only 1 of 15
tumor-adjacent, histologically “normal” tissues
from matched PCa patients contained detectable
levels of telomere fusions (Figure 1A and Figure 2).
The presence of telomere fusions in the three
prostatic lesions tested was not correlated with
increasing patient age and corresponding normal
adjacent tissues generally did not contain telomere
fusions regardless of patient age. These results
indicate that high frequencies of telomere fusions
are a common feature of all three types of prostatic
lesions: BPH, PIN, and PCa prostate tissue.

Telomere dysfunction has been suggested to cause
aneuploidy as a result of subsequent breakage-fusion-
bridge cycles [6], and aneuploidy states of specific
chromosomes have previously been reported for all
three types of prostatic lesions examined in this study:
BPH, PIN, and PCa [13,49]. To confirm the status of
aneuploidy for specific chromosomes in the prostatic
lesions studied here, we examined the complement of
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chromosomes X and Y in BPH cells and chromosomes
17 and X in PIN, PCa, tumor-adjacent, histologically
normal prostate tissue using centromere FISH probes
(Figure 3). With the limited chromosomes analyzed
here based on previous reports [13], all three prostatic
lesions examined, BPH, PIN, and PCa, displayed levels
of aneuploidy (Figure 3). Tumor adjacent, histologi-
cally normal prostate cells displayed reduced levels of
aneuploidy compared to PIN andmatched PCa tissues
for chromosomes 17 and X. Therefore, we also report
aneuploidy of selected chromosomes in BPH, PIN,
and PCa tissues that is consistent with and may be in
part driven by the telomere fusions reported above in
these prostatic lesions.

We performed anaphase bridge analysis for each
prostate lesion to determine if additional markers of
genomic instability associated with telomere dys-
function were specifically detected in prostate lesion
epithelial cells as opposed to other tissue cell types.
We examined sectioned tissues from BPH, PIN, and
PCa prostatic lesions along with corresponding
adjacent normal tissue from each lesion from ten
patients (Figure 4). We found that epithelial cells, but
not other cell types, from all three prostatic lesion
(BPH, PIN, and PCa) contain comparable levels of
anaphase bridges (Figure 4B). Corresponding normal
adjacent tissue from each prostatic lesion did not

contain detectable levels of anaphase bridges. These
results provide an additional marker for genomic
instability (anaphase bridges) within BPH, PIN, and
PCa tissues and suggest that prostatic epithelial cells
may be the cell type of origin of other forms of
genomic instability reported above (telomere fusions
and aneuploidy).
To further characterize the telomere dynamics of

these prostatic lesions, we analyzed hTERTmRNAand
telomerase activity levels, along with telomere length
(Figure 5). The majority of prostate lesion tissue
samples contained detectable levels of hTERT mRNA
(BPH: 11/16¼69%; PIN: 9/15¼60%; PCa: 15/
16¼94%) (Figure 5B) [20–22], and on average PCa
tissue contained the highest levels of hTERT mRNA
(Figure 5A). Interestingly, although adjacent tissues
generally did not contain telomere fusions (Figure 2),
we found detectable levels of hTERTmRNA (Adjacent:
12/14¼86%) that closely correlated with hTERT
mRNA levels in corresponding PCa samples
(Figure 5C). The level of hTERT mRNA corresponded
to the levels of telomerase activity in all prostate tissue
lesions as expected from previous reports (R2¼0.98 in
Figure 5D and E). Consistent with current models,
PCa samples had significantly shorter telomeric DNA
than the corresponding adjacent tissue samples
(P¼0.05) (Figure 5F).

Figure 2. Telomere fusions in the prostatic lesion samples. (A)
Southern blot analysis of TAR-fusion PCR products using a 32P-labeled
[TTAGGG]4 probe. Benign prostatic hyperplasia (BPH), prostatic
intraepithelial neoplasia (PIN), prostate cancer (PCa), and tumor
adjacent, histologically normal adjacent (adjacent) prostate tissues.
Five representative samples are shown for each sample type; BPH,
white blood cells from 10 BPH patients (WBC), PIN, PCa, corresponding
normal adjacent tissues from PCa patients (Adjacent), commercial

humanmale DNA (Promega,WI) used as a negative control. BJ cultured
human male foreskin fibroblast-expressing HPV16 E6/E7 (BJ E6/E7)
used as a positive control for telomere fusions [27]. (B) The percentage
of fusion-positive samples. Standard t-test analysis is shown. (C)
Frequency of telomere fusions. Each dot represented one individual
with the number of telomere fusion Southern bands per 500 ng
genomic DNA from five TAR-Fusion PCRs.
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DISCUSSION

Here we report high frequencies of telomere fusions
in PCa tumor tissues as well as in BPH and PIN
prostatic lesions. These results are consistent with
previous reports of telomere shortening in both pre-
malignant PIN and malignant PCa cells [50–54]. The
high frequency of telomere fusions in all three types
of prostate lesions (BPH¼65%; PIN¼55%; PCa
¼62%; Figure 2) is especially striking considering
the current limitations of primer coverage in the TAR
fusion PCR assay. Many distal chromosome end
sequences still remain unknown, thus limiting the
number of chromosome ends for which primers can
be designed. The current assortment of available

primers anneals to �40% of chromosome ends, but
are predicted to only amplify �14% of the 1080
possible chromosome fusion combinations (see
Materials and Method for details). We expect this to
improve as technical advances are made in sequenc-
ing regions of repetitiveDNA at chromosome termini.
Previous reports of telomere fusion junction sequen-
ces from other cancer types indicated that no specific
chromosome ends displayed a considerably higher
propensity than others to form telomere fusions in
spontaneous human carcinomas [24–26,55] (DG and
NH, unpublished). Furthermore, the present collec-
tion of primers utilized in TAR fusion PCR were
chosen solely on the basis of existing telomere-
associated repeat sequences. Therefore, it is unlikely
that this random assortment of primers would
selectively cover certain end-to-end chromosome
fusions that may be more prevalent in these prostate
lesions. While the current limitations of TAR fusion
PCR coverage may reduce the number of fusions
detected in a sample, these constraints illustrate even
more strikingly the pervasiveness of telomere fusions
in the majority of these three prostatic lesions.
Consequently, telomere fusion genetic markers ap-
pear to be a highly prevalent form of genomic
instability that is likely present in the vast majority
of spontaneously occurring human prostate lesions.

Both PIN and BPH tissues exhibited the presence of
telomerase, though generally higher levels on average
were found in PCa tissues as previously reported
[20–22,56,57]. This is a whole tissue level observation
anddoes not reflect a per cell quantitative comparison
between these three prostate lesions since the
percentage of target cells (benign, pre-malignant, or
malignant epithelial cells) to “normal” unaffected
epithelial/non-epithelial cells within each tissue is
not uniform from sample to sample, and between
lesion type to lesion type.Generally, PIN is recognized
as a precursor of prostate cancer, and our findings of
telomere fusions, anaphase bridges, aneuploidy, and
telomerase activity in PIN tissues support this
concept [9]. However, the prevailing consensus is
that BPH is benign, with little to no malignant
potential. The phenomenon that BPH harbors rela-
tively high levels of genomic instability (telomere
fusions, anaphase bridges, and aneuploidy) along
with telomerase activity suggests that genomic
instability and telomerase activation alone are not
sufficient for malignant transformation and that
other barriers exist to prevent (at least the vast
majority of) BPH lesions from progressing into
malignancy.

We found that tumor adjacent, histologically
normal tissue generally did not contain detectable
levels of telomere fusions but did contain correlative
relatively high levels of telomerase activity compared
to matched PCa tissue. The presence of telomerase
activity in tumor adjacent, histologically normal
tissues may be due to infiltration of activated

Figure 3. Detection of aneuploidy in the prostatic lesion samples. (A)
Representative normal and aneuploidy centrimeric FISH images for
benign prostatic hyperplasia (BPH), prostatic intraepithelial neoplasia
(PIN), prostate cancer (PCa), and tumor adjacent, histologically normal
adjacent (adjacent) prostate tissues. BPH was assayed for centromeres
of chromosome X (green) and Y (red). The other prostate tissue types
were assayed for centromeres of chromosome 17 (green) and X (red).
(B) Summary of the percentage of cells carrying aneuploidy from each
prostate tissue.
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lymphocytes, which are known to express moderate
levels of telomerase [58]. Another explaination for
telomerase activity in prostate tumor adjacent tissue,
considering the relatively high levels and correlative

(but reduced) levels with match PCa tissue, may
be cancer field effects. Field cancerization in the
prostate has been well documented [59,60] and
telomerase activation in tumor-adjacent, histological

Figure 4. Anaphase bridge analysis in prostatic lesions. Tissue sections are stained with hematoxylin and eosin
(H&E). (A), (B), and (C) are representative tissue sections of corresponding adjacent normal tissues from BPH, PIN
and PCa lesions (adjacent), respectively. (D), (E), and (F) are representative tissue sections from BPH, PIN, and PCa,
respectively. Black boxes within each prostatic tissue section field for BPH, PIN, and PCa are magnified within the
lower right corner to display representative anaphase bridges. (G) The percent of anaphase bridges was calculated
from the total anaphases within each prostatic lesion. Standard t-test analysis was performed.
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Figure 5. hTERT, telomerase, and telomere length profiles of each
prostate tissue group. Benign prostatic hyperplasia (BPH), prostatic
intraepithelial neoplasia (PIN), prostate cancer (PCa), and tumor
adjacent, histologically normal adjacent (adjacent) prostate tissues.
(A) hTERT expression levels in prostatic lesions normalized by the
hTERT level in HeLa cells. Primary BJ fibroblast cells used as negative
controls. Each bar represented the result from one individual tissue
repeated four times (mean� se). The sample sizes: BPH¼ 16,
PIN¼ 15, PCa¼ 17, and tumor adjacent¼ 14. (B) Percentage of
tissues positive for hTERT expression in each prostatic tissue. (C)
Correlation of hTERT level between 15 PCa and the corresponding

tumor adjacent, histologically normal (adjacent) (R2¼ 0.72). (D)
Representative examples of telomerase activity in prostatic lesion
samples. Three samples in each tissue type with the highest hTERT
levels and three with non-detectable hTERT are shown. HeLa cells
used as a positive control. Heat-inactivated HeLa (HeLa HI), BJ, and
H2O were used as negative controls. (E) Correlation between hTERT
expression level and telomerase activity. Dark gray bars represent the
hTERT level. Light grey bars marked the relative telomerase activity
measured from above panel D (R2¼ 0.98). (F) Telomere length in
prostatic lesion samples (mean� se). Sample size equals eight for
each prostate tissue group.
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normal tissuehas been reported inhead andneck, and
breast carcinogenesis [61].

Thus, telomere fusions are present in BPH and in
the well-established early precursor prostate lesion
PIN, and they are maintained at similar frequencies
in malignant prostate tissues (PCa). Accumulating
evidence suggests that telomere dysfunction is an
early gateway event in the step-wise progression
toward cancer and that telomere dysfunction may
also drive cancer progression and intratumoral
genetic heterogeneity via stochastic breakage fu-
sion-bridge-cycles [24–26]. Telomere dysfunction
driven genomic instability may be one of the most
highly prevalent mechanisms of generating cancer-
associated genetic aberrations in human carcino-
mas. Continuing studies of telomere dysfunction
have the potential to identify new genetic candidate
indicators of increased prostate cancer risk that may
serve as important markers for detection and/or as
targets for improved prevention and treatment
strategies.
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