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JBEI, O, FH ' ZL EE-4A 188
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W, IV, FHB X URHEA IV, focal anaplasia 1,080 Gy DDA 2438
REA I-TV, diffuse anaplasia 3 X UF CCSK 1,080 cGy I 2438
WL IO, RTK L RTK 2438
WEIIO, IV, RTK 1,080 cGy RTK 2438

EMG £ 2 (Beckwith-Wiedemann fFEEEE) &4
HTE BB BREADOHEICLY, Thoo
EFNC 11 FREEOGHORELEEINTS

h, EHIEIHEGTWILIAER S, FE

EOREHREE LT T EDFELPIEE o
TVa®, Fj:, FEFRMTEICHESL X%
LeTas L8 Th 5,

FEE OWRAREI 1605 CBIE & NARE

@ National Wilms Tumor Study (NWTS) C{L
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BWEOEAN LYV ZOBREEEZIEFLI(HEL
7oB® Z LT, TROFTFEIRMEREICLD
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HELTNE®, _

NWTS-413 19864 & 1) 1904 IS HEfT S R,
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50 ADRO#EE% 1 HOBECEELT, BE
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24ERFS 0% L BFTH Y, FHIH DI %LL,

ABRERE DT R 2 o 729,
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PRBTHEEHFELPE 2072, Stage I
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7o bang lowCITA
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Jo barg CITA
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‘ slow transarterial injection
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day 1, 2 IFO 30 g/m?% BX2 28 B (Bteo g
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T wh,
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tEZLRS.

¥FEARBEFELT, 16q, 1pDloss of
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Wetkdtdh 2329,
23— vysiE st Lz International Society
of Pediatric Oncology (SIOP) D X ¥ 7 4 ¥45{T
hTwaas, TOFEMNE LT, HEREER, T

T/, WRMEEEEICOWT .

FBIRAE D], bilateral fumor 2547 5B,

TRBRAMSBES AL X ) FHO
EHEEHCSEMWTE S L, bilateral tumor T
RENTZ85UROATRET X A MEESEND
%%, F7:, aniridia, Beckwith-Wiedemann fE
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TELOMERASE AND LUNG CANCER

JERRY W. SHAY
KEIKO HIYAMA
EISO HIYAMA

One of the distinguishing features of all cancers, including
lung cancer, is the unlimited proliferation of cells. The dis-
covery that telomerase activity is silenced in normal human
tissues but is activated in approximarely 85%—-90% of all
human cancers has drawn increasing interest in the role of
telomeres and telomerase in the pathogenesis of lung cancer,
as a diagnostic marker of lung disease, as well as a pocential
novel target for therapy. This overview will provide some
‘background into the biology of telomeres and telomerase
as they relate 1o aging and cancer, and then cover some
of the diagnostic and therapeutic opportunijties that are in
development.

TELOMERES AND AGING

Human telomeric DNA is comprised of duplex repetitive
TTAGGG tracts followed by a single-strand overhang on
the 3’ G-rich strand. Telomere-specific proteins bind di-
rectly to the single- and double-strand regions and form a
complex providing a protective cap over the ends of the
chromosomes that protects chromosome termini from deg-
radation, recombination and end-joining reactions.'~® In
addition, telomeres provide 2 means for complerte replica-
tion of chromosomes and contribute to the functional orga-
nization of chromosomes within the nucleus. Finally, te-
lomeres serve as a molecular clock thatr controls the
replicative capacity of human cells and their entry into se-
nescence.” !

Functional telomeres are essencial for continued cell pro-
liferation. There is mounting evidence that the telomere
ends loop into a lariat-like strucrure termed a T-loop (Figure
12.1) thar is stabilized by telomeric-binding proteins,'®~'*
and this structure may switch from a folded to unfolded
state to permit telomerase access for telomere maintenance
during each round of replication. When the celomeric DNA
sequence or structure is altered, or telomere proteins are
mutated or depleted, cells undergo chromosomes end as-
sociations and fusions leading to growth arrest or
apoptosis.'?~*3

In addition to progressive telomere shortening, telomere
dysfunction can be caused by a change of state (“un-
capping”} thart leads to a rapid induction of growth arrest
or apoprosis.'****=2" The limited proliferative potential
of normal human primary cells is caused by the lack of
detectable or sufficient telomerase activity, and this leads
to progressive telomere erosion with each replication (end-
replication problem) and to the evencual loss of the telomere
cap. The molecular mechanism(s) by which a single or a few
short telomeres signal the growth arrest caused by replicative
aging is starting to emerge.'" '+ In addition, in cells
that have bypassed the “Hayflick limit™ as a result of loss
of p53 function, there is a clearer understanding of how
cells deal with the shorrest relomeres during the exrended
lifespan period before telomerase is reactivated when cells
enter crisis. [t is known in cells that reach telomere-based
groweh limits thac ectopic expression of telomerase is suffi-
cient to bypass both the senescence and crisis growth arrest
signals, indicating that relomeres are directly involved in
both processes.**~* It is now believed that rather than hav-
ing a single limiting chromosome, human cells use roughly
10% of their ends to monitor telomere length and that short
ends preferentially form end-associations wich other short
ends leading to telomere associations and eventually 4
growth arrest when perhaps only one dicentric end fusion
occurs (unpublished observations). Cells char have altera-
tions in other key cell cycle and sigral transduction pach-
ways (e.g., p33. pRb) may divide in the presence of some
dicentrics (end-associations wich a detecrable scrucrural ab-
normaliry) and the frequency of dicentrics correlate scrongly
with progressively increasing cell doubling times eventually
leading to a second growth arrest state called crisis. Depend-
ing on the constellation of other alcerations thar may be

_present when telomeres are critically short, there may be

triggering of a growch arrest program or an activation of 2
programmed cell death cascade. In rare cells that have cycles
of chromosome fusion-bridge breakage that leads to the for-
mation of complex non-reciprocal translocations there may
be cancer progression.*’ =%} ’
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FIGURE 12.1. A model supported by electron mi-
croscopic observations demonstrates a lariat struc-
ture at each telomere end. The telomeres are pro-
tected by telomere binding proteins. In the presence
of inhibitors that rapidly uncap telomeres in normal
or cancer cells, there is a rapid growth arrest feading
10 apoptosis. When telomerase is inhibited in cancer
cells there can be a period of cell growth with pro-
gressive telomere shoriening eventually leading to
a growth arrest or apoptosis. While it has not been
demonstrated experimentally in human telomerase
expressing cancer cells, inhibiting telomerase as part
of cancer therapy could lead to an increased geno-
mic instability and engagement of an alternative te-

{engegement of sitamative telomers malntenance pathway}  |omere maintenance mechanism.

GENETIC AND ENVIRONMENTAL EFFECTS
ON TELOMERES

To investigate telomere dynamics and its role in cancer risk
variations, telomere length in periphera! blood lymphocytes
(PBLs) of monozygotic (n = 52) versus dizygotic (n =
26) twins was determined.®®> The heritability estimated as

measured by the maximum likelihood estimates is approxi- -

mately 90% for the monozygotic twins but is not significant
for the dizygotic twins. These results indicate thar telomere
length is in part 2 heritable trait. Thus, while there is genetic
heterogeneity of telomere length within matched age
groups, there is a progressive loss of telomeres throughout
life (Figure 12.2).

There are important connections between chronic in-
flammation and progressive carcinogenesis [eading to neo-
plastic transformation. During inflammation (which can be
caused by tobacco smoke and other pathological condi-
tions), infiltrating neutrophils and macrophages can elicit
2 repertoire of cytokine signals that are critical for the repair
and proper functioning of tissues. While the immediate tar-
gets of this signaling are likely to be the epithelial cells lining
the nasal and bronchial passageways, the inflammation that
occurs may also affect immune cell telomeres. Chronic ex-
posure to tobacco smoke may result in increased cell divi-
sions and turnover of immune cells resulting in enhanced
telomere shortening. Since telomeres progressively shorten
with each cell division and with increased age (Fig. 12.2),
even in immune cells, a smoke-associated field effect can
occur outside the airway passages. Because DNA damage
caused by smoking is reflected in immune cells, such as
lymphocytes, 2 molecular epidemiological approach using
quantitative fluorescent £z sitw hybridization (Q-FISH) was
undertaken (Figure 12.3). This study showed that individu-
als with short telomeres had a 6-fold significantly elevated
tisk for bladder cancer and similar findings were observed
for lung, renal and head and neck cancers in ongoing case-
control studies. >

‘These findings illustrate the genetic contribution of te-

lomere variations and provide suggestive evidence that te-
lomere dysfunction may be a predisposing facror for cancer.
Telomere dysfunction associated with cancer predisposition
is evident with advanced age. The ability to demonstrate
that shortened telomeres in immune cells can be predictive
for the onser of cancer should permit betrer identification
of those at risk for smoke-related cancers, improve early
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FIGURE 12.2. Telomere length measurement of peripheral
blood mononudear cells of normal volunteers of various ages.
The measurement of telomere length relies on the absence of
restriction enzyme recognition sites within the TTAGGG tandem
repeat sequences. The length of telomeric repeats can be mea-
sured by analyzing the length of the "terminal restriction frag-
ment” (TRF), the large DNA fragments remaining after the rest
of the genomic DNA has been reduced to small sizes by digestion
with frequent cutters (restriction enzymes with 4-base recogni-
tion sequences such as Hinf1). There is also a region of mostly
repetitive subteiomeric DNA, probably ranging from 2-5 kb in
length in humans, that lacks functional restriction sites and which
contributes to the measured size of telomeres on gels. The DNA
is probed with a labeled oligonuclectide containing TTAGGG re-
peats. The measured size of the TRF corresponds to the sum of
the sizes of the subtelomeric DNA that lacks functional restriction
sites and the length of the telomere repeats. Since small oligonu-
cleotides easily penetrate dried agarose gels, it is more rapid and
convenient to perform TRFs using “in gel hybridization” rather
than Southern transfers.
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FIGURE 12.3. Smokers with short telomeres are at increased risk
for smoke-associated cancer development compared to non
smokers. In this study, lymphocyte telomere length was measured
using quantitative flucrescent in situ hybridization laser scanning
cytometry {Q-FISHLSC) using a fluorescent-labeled peptide nucleic
acid (PNA) probe.** The fluorescent signal was measured by the
laser scanning cytometry (LSC, CompuCyte, Cambridge, MA)™.
When telomere length was analyzed as a categorical variable
using the 25th percentile in the controels as the cutoff, individuals
with shorter telomeres had a significantly increased risk of blad-
der cancer with an OR of 6.20 (95% Cl, 2.40,16.05) in uncondi-
tional logistic regression analysis with multiple covariates to re-
move the confounding effects of age, sex, and smoking status.
When subjects were categorized into quartiles of telomere length
based on the distribution in the controls {with 3rd and 4th quar-
tiles as the referent category), there was a dose-response relation-
ship between bladder cancer risk and the degree of telomere
shortening.*? Similar results are noted in other smoke-associated
cancers such as head and neck, lung, and renal cancer.

detection methods, and perhaps even impact the radiothera-
petitic and chemotherapeutic treatments of airway passage

disease.

CELL CULTURE (IN VITRO) MODELS

Telomere shortening in the absence of telomerase has been
shown to be the fundamental mechanism by which cultured
human cells “count” cell divisions and ulrimately growth
arrest.® There is compelling evidence that telomere shorten-
ing occurs in vive, that telomere shortening is the mecha-
nism by which cells “count” the number of times they have
divided, and that too-short telomeres ultimately induce cel-
lular senescence. A large number of strains of human skin
fibroblasts from both normal donors and those with various
genetic syndromes have all been immorralized following the
introduction of telomerase. WI-38 fetal human lung fibro-
blasts have been a key reference cell strain for the study of
cellular aging since Hayflick used them to demonstrate the
limited proliferative capacity of normal diploid cells almost
40 years ago. Initial actempts to immortalize WI-38 cells
using human telomerase reverse transcriptase (hTERT) to
prevent telomere shortening failed.** However, WI-38 fi-
broblasts were successfully immortalized when grown in low
(3%—-5%) oxygen in medium supplemented with several

micronutrients and antioxidants.

The role of ambient (21%) and physiological oxygen
(2%-5%) on the ability to immortalize feral versus adule
human lung fibroblasts reveal that growth in low oxygen
and antioxidants extends the lifespan of both fetal and adul;
strains. Since the ectopic expression of telomerase immorral-
izes adule lung fibroblasts cultured in normal atmospheric
oxygen, the effects of oxygen must be largely limited to
telomeres. In contrast, fetal lung fibroblasts (W1-38 and
IMR-90) do not immorralize in ambient oxygen in spite of
telomere elongation by telomerase, suggesting more wide-
spread oxidative damage. The long-term culture require-
ments for the immortalization of WI-38 fetal lung fibro-
blasts included supplementation with WN-(zerz)buryl
hydroxylamine, dexamethasone, zinc, and B12 in addition -
to growth in physiologic oxygen. These resules suggest that -
both end-replication and oxidative damage events contrib-
ute to lung fibroblast telomere shortening in vitro. These
observations emphasize the need for better analytic tech-
niques to distinguish whether the correlation of short te-
lomeres with disease and mortality in humans reflects the
consequences of increased proliferation, telomere shorten-
ing due to oxidative damage, or some combination of these
processes. These results show that WI-38 cells grown under
conventional cell culture conditions do not reach telomere-
based replicative senescence but prematurely growth arrest
with increasing levels of p16ink4a due to the chronic stress
of exposure to an inadequate culrure environment (stress or
aberrant signaling senescent-like arrest; “stasis™), primarily
due to oxygen toxicity.

Knowledge of the DNA damage signaling pathways in
cell culture has recently permitted the immortalization of
human bronchial epithelial cells using viral oncoproteins,**
hTERT and Ras (Figure 12.4). By over-expressing the cell
cycle gene, cdk4, to overcome the pl6 stress response of -
growing human epithelial cells in plastic dishes, in combina-
tion with hTERT, we have recently determined that human
bronchial epithelial cells can immortalize with a high fre-
quency (unpublished results). This is pardeularly useful
since it avoids the use of SV40 early genes that cause many
unknown effects including genomic instability. The cells
expressing CDK4 and hTERT retain a normal diploid
karyotype and undergo normal differentiation into goblet
and ciliated cells when place in organotypic culture condi-
tions (unpublished resules). This provides, for the first time,
a method for examining in living cells early events in that
may occur as part of lung cancer progression. In addirion,
these cells should have utility in developing in vitro models
for lung carcinogenesis, to provide markers of smoking and
carcinogen exposure (risk assessment), as well as for moni-
toring smoking cessation and chemoprevention efficacy.

.These cells may also provide makers for diagnostic classifica-

tion and as well as a prognostic indicator and signacure for
directing therapy selection.
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FIGURE 12.4. Cancer progression models of bronchial epithelial cells in vitro and in vivo Upper
half: illustrates the critical steps in lung carcinogenesis in vitro using the earLy region (ER) of the
5§40 genome, the hTERT gene, and an oncogenic allele of H-ras/K-ras gene. Expression of Sv40
ER alone extended the lifespan of the bronchial cell by eight additional population doubiings
and induction of H-ras/K-ras (without hTERT) did not affect replicative lifespan. In contrast, both
expression of SV40 ER and hTERT lead to the immortalization of cells but the morphological
findings were unchanged. Additional expression of H-ras/K-ras morphologicatly changed the cefls
to squamous cell carcinomas. Lower half: models of lung carcinogenesis in vivo. Many lung cancer
cells have overcome the first stage of senescence but are still mortal and then and gradually
acquire immortality concomitant with activation of telomerase during multi-step progression. In
some instances, immortalization (i.e., activation of telomerase) may precede morphaclogical
changes in bronchial cells. The activation of telomerase in a field without morphological changes,
which we propose to term “field immortalization”, is considered to be susceptible to subsequent
morphological changes. This condition is likely to occur in heavy smokers and thus telomerase

expression in bronchial epithelia may become a usefut marker for high-risk patients of developing

lung cancer.

. ROLE OF TELOMERASE IN CANCER
Diagnostic Potential

Lung cancer remains the leading cause of cancer related
death in men and women, Even with modern diagnostic
and therapeutic advances, the 5-year survival rate following
Surgery and combinatorial adjuvant therapy has only been
improved in patients with early stages of disease. Significant
efforts have focused on carly detection and intervention at
an eatlier stage to help decrease the high moruality of lung
cancer. The development, evaluation, and validation of bio-
Markers for earlier cancer detection and risk assessment are
needed for both current and former smokers. Biomarkers
Such 2 telomerase®5? are alterations that permit one to
fecognize or monitor a biologic process. Biomarkers are
Measurable in biological media, such as in tissues, cells, or

fluids. With improved methods of bronchoscopy, and the
use of bronchial brushings and bronchial lavage, specimens
from current and former smokers can be obtained for either
histological or cytological analysis. To elucidate the role of
telomere and telomerase in human lung cancer biogene-
sis,""!! various molecular changes including telomere
length and relomerase activity in lung cancer tissues have
been analyzed and the relationship between them and pa-
tient prognosis conducted (see Tables 12,1-12.3). In gen-
eral, most small cell lung cancer cells uniformly express re-
lomerase activity and have shortened telomeres. In these
cases detection of telomerase activity is more useful for can-
cer diagnosis rather than as a marker for prognosis. In con-
trast, telomerase activity levels in non-small cell lung cancer
varies from none to high and correlates with various biologi-
cal or clinical features, such as pathological stage,. lymph
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TABLE 12.1. CHARACTERISTICS OF SMALL CELL {SCLC) AND NON-SMALL

CELL LUNG CANCER (NSCLC)

SCLC

NSCLC

Telomere length'06149
Primary lesion
Metastatic lesion

Telomerase activity*

Activity level Most cases high’®™!
LD < ED”
SCLC > Large cell”?
Prognosis

Metastatic lesion -

Precancerous lesion’ Most cases high™®

No precancerous lesion

Most cases shortened

Most cases shortened
A few cases elongated

70% no alteration from noncancerous

tissue 25% shortened, < 5% elongated
Alteration correlates with TP53/R81 LOH
Alteration correlates with poor prognosis
Increase of alteration

30% high,® 5qCC> adenacarcinoma’ 8

Correlates with TNM stage, LN metastasis,
Ki-67 staining, grade of differentiation,
mutant pS3, bcl2 expression; inversely
With age72,74.75,77.79.81.34.39.90

No/low activity correlates with good
prognosis in stage | adenocarcinoma,
stage I-[[l NSCLC,
stage | NSCLc?Z.TF,SZ.B,BG,BB,95

Correlates with recurrence’®

Increase of positive cases’®

Metaplasia < Dysplasia < SqCC5%58

tow-grade AAH < Hugh-grade AAH <
NMBAC95

. Inciuding reports on hTERT mRNA expression representing telomerase activity. ‘
ED, extensive disease; LD, limited disease; SqCC, squamous cell carcinoma; LN, lymph node; AAH,
atypical adenomatous hyperplasia; NMBAC, nonmucinous bronchioloalveolar carcinomas.

node merastasis, and grade of differentiation (Table 12.1),
providing clinically useful information on malignant poten-
tials.. Among the other genetic aberrations or biological
characteristics, loss of heterozygosity (LOH) of RBI and
hrgh telomerase activity are associated with poor prognosis
in lung cancer patients.'® Aberrant length of telomeres,
aneuploidy, LOH at RB! or 1p34 locus, and a high per-
cent S-phase fraction are associated with high telomerase
activity. Accumulation of genetic aberrations, especmlly alle-
lic loss of RBI and/or TP53, resulting in the activation of
telomerase seems to be associated w1th poor prognosis in
lung cancer patients. High telomerase activity and LOH of
RBI and/or TP53 may thus be clinically useful indicators
for prognosis and biologically malignant potential in lung

cancer. ' %8

Telomerase activity or hTERT mRNA has been com-
pared in noncancerous lung tissue, precancerous lesions and
in both non small cell and small cell lung cancer specimens.
In what appears to be histologically normal bronichial epi-
thelial tissues, telomerase actmty is detected into applom-
mately 15% of specimens, suggesting uprcgulanon OF reacti-
vation of telomerase might be a very early event. In some
cases associated with smoke-related lung diseases, there may
be false-positives with telomerase activity due to infiltrated
lymphocytes in the inflammatory lesions. This suggests that
hTERT protein distribution by immunohistochemistry -
may have some advantages (see next section). Interestingly,
approximately 50% of preneoplastic lesions {dysplasia and
carcinoma in situ) are telomerase positive (Table.12.2). In
talignant disease telomerase is almost universally detected

TABLE 12.2. TELOMERA_SE ACTIVITY AND HTERT MRNA EXPRESSION IN

LUNG TISSUES

Telomerase Activity hTERT mRNA
Noncancerous lung tissue 11772 (15.3%)8448 1415 (6.7%)%°
Precancerous lesion* 37771 (52.1%)84.56.58 13735 (37.1%)%*
[47/57 (82.5%)%"]
Lung cancer
Small cell 48/52 (92.3%)5470-72 33/4{75.0%)%
Nan-small cell 1,265/1,724 (73.4%)55-57.7¢-92 632 /880

(51 .8%)Sﬂ,55.59,77,78,83.88,93—98*

* Including bronchial metaplasia and dysplasia tissues.

64,66,52

t Bronchial biopsy tissues derived from heavy smokers.5?
1 Including 187 samples analyzed by hTERT mRNA in situ hybridization %%



TABLE 12.3. TELOMERASE ACTIVITY IN CELLS
DERIVED FROM LUNG

——

Telomerase Activity

9/148 (6.1%)%-101

Noncancerous lung disease
114/ 164 (69.5%)5468.99-103

Luny cancer

e ———

in small cell carcinoma but is only detected in about 75% of
_ non-small cell lung tumors. This suggests that a substantial
portion of non-small cell lung cancers have either engaged
an alterative telomere maintenance pathway or that a subset
may tumors that have not immorralized. However, since no
 cases without detectable telomerase activity show elongated

~ Squamous cell carcinoma
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telomeres, the latter possibility seems more plausible. In
general, telomerase activity is a more accurate marker of
cancer cells than hTERT mRNA, which has several, splice
variants that can lead to inaccurate diagnoses. Even though
pleural fluid cells are almost always telomerase positive,*%*
other cells obtained from lung (bronchial washings, spu-
tumy} are less frequently telomerase posicive!® (Table 12.3),

We have also examined hTERT protein distribution by
immunohistochemistry in tissue sections (Figure 12.5). In
most normal epithelial tissues, h\TERT expression is not
detected but in both squamous cell carcinoma and adeno-
carcinoma hTERT protein was prominent in the nucleus
of almost all neoplastic cells and correlated with telomerase
activity levels in tissue extracts. While there is still a shorrage

Adenocarcinoma

FIGURE 12.5. hTERT immunohistochemisty demonstrating nuclear localization of telomerase in
squamous cell fung carcinoma and lung adenocarcinoma but not in adjacent non cancerous cells.
Antibodies. An affinity-purified polyclonal rabbit antibody against hTERT (EST21A™) was raised
against a 16 amino acids peptide sequence mapping in the middle of hTERT (Alpha Diagnestic
International Inc.,, San Antonio, TX)™ and used at 5~10 ug/ml. Tissue preparation. The tissues
were cut at 6 um serial sections. Sections were deparaffinized and rehydrated through ascending
grades of alcohol to Tris-buffered saline (TBS), pH 7.4. Heat-based antigen retrieval was performed
as follows: sections were treated for 15 min. in 0.01 M citric acid buffer, pH 6.0 in 2 atmosphere
120°C using an autoclave. After decreasing the pressure, sections were removed and permitted
to cool for approximately 30 min. before being washed in 3 times for 5 min. in TBS. /mmunohisto-
chemistry. Endogencus peroxidase was quenched in 3% H202. After washing 3 times for 5 min,
in TBS, nonspecific antibody binding was blocked by incubating the sections in Protein Blocking
Solution (DAKO Corp., Carpinteria, CA)™ for 30 min. Sections were then transferred to a humidi-
fied chamber and incubated in antibody solution overnight. Following this and subsequentincuba-
tions, sections were thoroughly washed in 3 changes of TBS for S min each. For hTERT immunohis-
tochemical staining, sections were incubated in the [abeled streptavidin biotin polymer {Envision
Plus, DAKO Corp.}™, followed by 0.05% 3,3’-diaminnobenzidine (DAB) in TBS with H202 as a
substrate. Sections were lightly counterstained with Mayer's hematoxylin, and then mounted.
The intensity of the immunostaining was evaluated by light microscopy and the software Image-
Pro Plus ver. 4 (Media Cybernetics, Silver Spring, MD)™. (See color plate.)



