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Background: When given during preg-
nancy, the drug 3-azido-2,3'-dideoxy-
thymidine (AZT) substantially reduces
maternal—fetal transmission of human

REPORTS

incorporation into DNA. Results: At 1
year of age, the offspring of AZT-
treated mice exhibited statistically sig-
nificant, dose-dependent increases in
tumor incidence and tumor multiplicity
in the lungs, liver, and female repro-
ductive organs. AZT incorporation into
nuclear and mitochondrial DNA was
detected in multiple organs of transpla-
centally exposed mice and monkeys.
Shorter chromosomal telomeres were
detected in liver and brain tissues from
most AZT-exposed newborn mice but
not in tissues from fetal monkeys.Con-
clusions: AZT is genotoxic in fetal mice
and monkeys and is a moderately
strong transplacental carcinogen in
mice examined at 1 year of age. Careful
long-term follow-up of AZT-exposed
children would seem to be appropriate.
[J Natl Cancer Inst 1997;89:1602-8]

mended treatment encompasses five daily
100.0-mg doses (approximately 8.3 mg/
kg body weight per day) during the sec-
ond and third trimesters of pregnancy,
with additional maternal intravenous dos-
ing at delivery and oral AZT given to the
infant after birth(9,10).In a recent study
from the Pediatric AIDS (i.e., acquired
immunodeficiency syndrome) Clinical
Trials Group(9), this regimen reduced vi-
ral transmission to the fetus from 22.6%
(n = 204) to 7.6% (n= 198).

In adult mice, AZT is carcinogenic.
Ayers et al.(11) reported 10% and the
National Toxicology Program(12) re-
ported 22% incidences of vaginal squa-
mous papillomas and carcinomas after
lifetime oral administration of the drug to
CD-1 and B6C3FE mice, respectively. At
similar doses in mice exposed to AZT for
28 days, dose-related incorporation of
AZT into vaginal DNA and increased
vaginal epithelial proliferation were ob-

Exposure of pregnant females of nuserved (13). Because of the projected
merous mammalian species, includingvidespread use of AZT in human preg-

immunodeficiency virus type 1 (HIV-" nonhuman primates, to various chemicahancy, we have investigated the genotoxic
1). However, AZT has been shown to be carcinogens results in neoplasms in theignd carcinogenic effects of AZT in the
carcinogenic in adult mice after life-  ffspring (1). The human relevance of

time oral administration. In this study,  transplacental carcinogenesis was estab-

we assessed the transplacental tumori- jished with the discovery that diethylstil-
genic and genotoxic effects of AZT in pestrol (DES) caused vaginal adenocarci- *Affiliations of authors: O. A. Olivero, S. H.
the offspring of CD-1 mice andEryth-  nomas in the children of women treated’t'SPa M. C. Poirier, Laboratory of Cellular Carci-
rocebus patasmonkeys given AZT during pregnancy?). Subsequent experi- nogenesis and Tumor Promotion, Division of Basic

. . o . 1 . Sciences, National Cancer Institute, Bethesda, MD;
orally during pregnancy. Methods: mental studies in mice duplicated this efy_ . anderson, A. B. Jones, Laboratory of Com-

Pregnant mice were given daily doses fect (3). Epidemiologic evidence has im- parative Carcinogenesis, Division of Basic Sciences,
of either 12.5 or 25.0 mg AZT on days plicated transplacental exposures tdlational Cancer Institute, National Cancer Institute-
12 through 18 of gestation (last 37% of radiation, certain medications, pesticideirec’lf”cdk C,ak”C&rDR?lecg,a”d '?Ie"e'c’pmelnéce”'
. . . . ter, Frederick, ; B. A. Diwan (Intramura e-
gestatpn perlo@. Pregnant monkeys OCCUpatI_OnaI Chemlcals' and metéds-6) search Supported Program), D. C. Haines (Pathology/
were given a daily dose of 10.0 mg AZT as possible qoqtrlbutqrs to.human cancefistotechnology Laboratory), D. Logsdon (Labora-
5 days a week for the last 9.5-10 weeks risk. Mechanistic studies with rodents in-tory Animal Sciences Program), Science Applica-
of gestation (final 41%—43% of gesta- dicate that fetuses may be particularly afions International Corp.—National Cancer Institute-
tion period). AZT incorporation into  risk of tumor initiation by chemicals, with Frederick Cancer Research and Development
| d mitochondrial DNA d  high rat f cell divisi d other fet ICenter; S. W. Harbaugh, T. J. Moskal, BioQual,
nuclear and mitochondrial an igh rates of cell division and other fetal . "2 c\vile, MD: J. M. Rice, International
the length of chromosomal end (telo- characteristics greatly enhancing vulneragency for Research on Cancer, Lyon, France; C.

mere) DNA were examined in multiple
tissues of newborn mice and fetal mon-
keys. Additional mice were followed
from birth and received no further

treatment until subjected to necropsy
and complete pathologic examination
at 1 year of age. An anti-AZT radioim-

munoassay was used to monitor AZT
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ability (7).
The nucleoside analogue’-azido-
2',3'-dideoxythymidine (AZT), widely

used to treat human immunodeficienq{i
virus type 1 (HIV-1) infection, has be-
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oﬁspring of exposed pregnant CD-1 micemasses were examined by means of light microswith an equal volume of a solution containing either

and AZT genotoxicity in the fetuses ofCoPY- The pathology findings were peer-reviewedstandard AZT plus 3ug calf thymus carrier DNA
by Dr. Miriam Anver, SAIC, NCI-FCRDC, and by (Sigma Chemical Co.) or a @g sample of DNA

EXposed pregnanlErythrocebus patas Dr. Jerrold Ward, Office of Laboratory of Animal from AZT-treated or untreated (control) animals for

monkeys. Sciences, NCI. All lung, liver, and female reproduc-90 minutes at 37 °C. Approximately 20000 cpm
. tive tract lesions were reviewed, as well as all quesPPHJAZT tracer (20 Ci/mmol; Moravek Biochemi-
Materials and Methods tionable and representative definitive hematopoieticals, Inc., Mountain View, CA), in a volume of 100
lesions. Spiral organisms, thought to Helicobac- pL, was added per tube together with 100 goat
Source and Purity of AZT ter hepaticus,were observed in Steiner's stainedanti-rabbit immunoglobulin G secondary antibody

slides of most ceca, but only a few organisms wer¢lCN Biomedicals, Inc., Costa Mesa, CA; reconsti-
AZT (lot No. 063H7819) was obtained from spserved in one liver, and no hepatitis was observedited in 12 mL 10 rM Tris buffer [pH 8.0]), and the
Sigma Chemical Co., St. Louis, MO. The purity of in any of the livers. The mice were otherwise spemixture was incubated for 25 minutes at 4 °C. The
AZT was assessed by means of elemental analysigific pathogen free. Tumor data are presented amixture was centrifuged at 20§dor 15 minutes at
UV spectrum analysis, nuclear magnetic resonanGgmor incidence (percent of animals with tumors)4 °C. The resulting superatant was decanted, and
spectrometry, and mass spectrometry, as well as iyhg tumor multiplicity (number of tumors per ani- the pellets were dissolved in 100MnNaOH and

means of high-performance liquid chromatographyygy. counted in a liquid scintillation counter.

with two different mobile phases (data not shown). The AZT-RIA employs a radiolabeled AZT
All of the parameters were consistent with literatureStatistical Methods tracer, used in a constant amount in each tube, to
values, confirming the AZT structure and assessing compete with the AZT standard, used at different

the purity of this lot at greater than 99.8%. The Dose-dependent linear trends of tumor inddenc%oncentrations, or sample DNA for binding to the
determinations were performed by Dr. Haleem Jproportions were evaluated by use of the Cochrangyj 7T antibody. In the absence of standard AZT
Issaq of the Chemical Synthesis and Analysis LaboArmitage chi-squared test (two-taileql4), and sample DNA containing AZT, the highest level of
ratory, Science Applications International Corp.high-dose versus control comparisons were made Q4 giolabel binding to the antibody will be obtained
(SAIC), National Cancer Institute (NCI)-Frederick use of Fisher's exact test (two-taile@5). Two- (. with no inhibitor). Because of the competitive
Cancer Research and Development Centegiled chi-squared tes{36)were used to analyze the ¢ re of this assay, the added presence of nonra-

(FCRDC), Frederick, MD. reduction in hematopoietic neoplasms in AZT-y0abeled AZT (i.e., the standard or in the sample
o . exposed males and females in relationship to contrg\ a) will result in the inhibition of tracer-antibody

Tumorigenicity in the Offspring of animals. Tests of the homogeneity of the proportionginging (cpm with inhibitor). The inhibition of

Pregnant Mice Receiving AZT of tumor bearers per litter within each of the sex—4cer_antibody binding observed with a particular

dose—organ groups were performed by use of thgnqnt (“x”) of unlabeled AZT is expressed as a
Animal care for this experiment was provided incorrelated binomialC(a) test statistic as described percent according to the following formula:

accordance with the procedures outlined in thdy Tarong17).In addition, for lungs and liver, com-
Guide for the Care and Use of Laboratory Animalsparisons of low-dose treatment with high-dose treatPercent inhibitior=
[National Institutes of Health publication No. ment on the basis of litters involved the analysis of [(cpm with no inhibito}
(NIH)86-23, 1985] under an animal study proposavariance of 1) raw proportions of tumor-bearing ani-  _ (cpm Wi?h amount “x” of inhibiton)]
approved by the FCRDC Animal Care and Usenals in each litter and 2) Freeman-Tukey arcsine - — x 100.
Committee. Female CD-1 Swiss mice (Charlegransformations of the proportior(d8), with each (cpm with no inhibitoy
River, Raleigh, NC) were given food and wata analysis using weights proportional to the litterThe amount of standard AZT added tqu§ carrier
libitum. The mice were mated, and day 1 of preg-sizes. Tumor multiplicities were tested for dose-alf thymus DNA that inhibited antibody binding by
nancy was ascertained by the presence of a vagindépendent trends by use of the nonparametric Jonckgos, was 570 + 420 fmol (mean * standard deviation
plug. Forty-five pregnant mice were given 0 (17heere test (two-tailedf19), and high-dose versus [SD]; n = 12) for the mouse assays. The amount of
litters), 12.5 (13 litters), or 25.0 (15 litters) mg AZT control comparisons were made by use of the nonAZT in 3 g of biologic sample DNA was obtained
in 0.5 mL sterile distilled water via an intragastric parametric Wilcoxon rank-sum test (two-tailed) by comparing DNA from the corresponding tissue of

tube once daily on days 12 through 18 of gestation(20). an untreated animal with DNA from a treated ani-
Preliminary toxicity studies indicated that the maxi- . mal, calculating the percent inhibition of antibody
mum fetal-tolerated daily dose was 25.0 mg (aplncorporation of AZT Into Nuclear binding, and reading the amount of AZT from a
proximately 420 mg/kg term body weight), with and Mitochondrial DNA of Fetal plotted standard curve. Each sample was assayed in

doses of 30.0-50.0 mg causing fetal or newborCD-1 Mice Exposedin Utero to AZT three to five separate radioimmunoassays.
loss. The pups were delivered normally. The average
number of pups weaned per litter was 11.7, 12.1, and Pregnant CD-1 mice were given 0 ¢n3) or 25.0  Incorporation of AZT Into Fetal
10.1 for the control, low-dose, and high-dose(n = 3) mg AZT/day by gavage on days 12 throughErythrocebus patawlonkey Nuclear
groups, respectively. Ten mice per sex from eacli8 of gestation (final 37% of gestation period), andgnd Mitochondrial DNA
group of pups were killed on schedule at 13, 26, anthe pups (14 each for litters 1 and 3 and 11 for litter
52 weeks after delivery. No tumors were evident aR) were born 24 hours or less after the last exposure. Monkeys were maintained and treated under
the first two time points. However, at 52 weeks, lungFor each organ (e.qg., kidneys), tissue from all of theAmerican Association for Accreditation of Labora-
and liver tumors were observed in the AZT-exposegups of one litter was combined. The samples wertory Animal Care-approved conditions at BioQual,
mice, so additional animals (selected at randomhomogenized, and DNA was isolated by means ofnc. (Rockville, MD), in accordance with humane
were killed to obtain numbers adequate for statisticathe Oncor nonorganic extraction method (Oncorprinciples for laboratory animal care. Protocols were
analysis. In addition, moribund mice from all groupsinc., Gaithersburg, MD). Mitochondrial DNA was reviewed and approved by the Animal Care and Use
were killed, and the findings from these mice wereprepared as previously describgl). Committee of BioQual, Inc. Pregnancies were as-
included with the findings from the mice killed at 52 DNA samples, in distilled water, were sonicatedcertained as describgd3). Pregnant patas monkeys
weeks. Altogether, the numbers of litters representefibr 30 seconds and then boiled for 5 minutes. Threewere given 0 (n= 3) or 10.0 (n= 3) mg of AZT/
were five (61 mice) for the control group (i.e., no microgram aliquots of DNA were subsequently as-day (approximately 1.5 mg/kg body weight per day)
AZT), six (45 mice) for the 12.5-mg-AZT group, sayed by use of a competitive anti-AZT radioimmu-in a piece of banana, 5 days per week for the last
and nine (50 mice) for the 25.0-mg-AZT group. All noassay (AZT-RIA) as previously describ€®2). 9.5-10 weeks of gestation (final 41%—43% of ges-
remaining mice will be killed at 2 years of age.  Briefly, a rabbit polyclonal anti-AZT antibody tation period). Dose ingestion was confirmed by an
When moribund or at planned sacrifice, mice un{Sigma Chemical Co.) that also recognizes AZT inobserver. Fetuses were taken by cesarean section,
derwent a complete necropsy. Lungs, liver, ovaryDNA was reconstituted in 20 mL 10h Tris buffer  performed on the monkeys under Telazol and iso-
testis, uterus/cervix/vagina, thymus, spleen, lymplipH 8.0), representing a 1:5000 dilution of the anti-fluorane anesthesia, on days 149 through 152 of ges-
nodes, kidneys, brain, pituitary, mammary gland, febody. A 0.1-mL aliquot of the diluted antibody was tation (24 hours after the last dose). Tissue process-
mur, cecum, and all grossly noted lesions andncubated in a 12 x 75-mm disposable glass tubag for DNA preparation and the AZT-RIA were as
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described above for newborn mouse tissues, excefold, dose-dependent increase in the inci- Neoplasms of the hematopoietic sys-
tzhgag ;he 50% inhibition value for the RIA was 820 + yence (Fig. 1) and the multiplicity (Tabletem, including lymphomas, myelogenous
mol AZT (mean £ SD; n= 25). 1) of tumors in the AZT-exposed groupsleukemia, and histiocytic sarcoma, which
Examination of Telomere Length in The spontaneous liver and lung adenoaccur spontaneously in this mouse strain,
Mouse and Monkey Tissues mas in the control animals are typical forwere reduced from 33% and 16% in un-
The length of telomeric (chromosomal end) DNAtIS strain of micg26). At the same sites, exposed females and males, respectively,
(24) was examined in DNA from the tissues of 10incidences of these types of tumors weréo 8% in the mouse pups of both sexes
newborn mouse litters, either unexposed<r6) or  increased twofold to eightfold in AZT- (Fig. 1, E and F). This reduction suggests

exposed (n= 5) in uteroto 25.0 mg AZT/day on reated animals (Fig. 1, A—C). For boththat an endogenous oncogenic retrovirus
days 12 through 18 of gestation. For each litter, tis-

sues from different organs were combined and hoS€X€S combined, the incidence of lungnay be inhibited by the AZT treatment

mogenized with a Dounce homogenizer, and higharcinomas increased significantly withand/or that alterations in the immune sys-
molecular-weight DNA was prepared by use of theAZT dose (3%, 7%, and 14% for the 0-,tem may occur in the offspring exposed to
nonorganic extraction method of Oncor, Inc. Thel2 5- and 25.0-mg AZT groups, respecAZT in utero.

DNA was digested wittAlu |, Rsal, and Sau3A | tively; P = .037, two-tailed chi-squared
restriction endonucleases (New England Biolab ' ' -
Inc., Beverly, MA) and resolved in 1% agarose gelzteSt)' Neoplasms of the female organStatistical Analyses for the

along with biotinylated molecular markers (Oncor,(OVary, uterus, and _Vagina) were abserntumor Study
Inc.). The DNA was transferred to nylon supportfrom the control animals but were de-

membranes overnight by means of capillary actiotected in 14% and 17% of the AZT- Probability values for the tumor inci-
(25), and it was cross-linked to the membranes byayhosed female offspring at the low andences presented in Fig. 1 are shown in

use of UV light. The membranes were blocked for,_. . .
30 minutes at 45°C with blocking solution (Oncor‘hlgh doses, respectively (Fig. 1, D). the legend, and those for the tumor mul-

Inc.) and hybridized with a biotinylated human telo-
meric repeat sequence probe (Oncor, Inc.) overnight
in a sealed bag at 45 °C. Posthybridization washds
were performed in a solution of 0.16x standard saf 50 50
line citrate and 0.1% sodium dodecyl! sulfate for 1 A B
hour at 60 °C. The membranes were subsequent 40 40
blocked with a 5% low-fat milk solution at room 30
temperature for 30 minutes, and an amplified alkal
line phosphatase immunoblot assay kit (Biorad
Laboratories, Hercules, CA) was used in membran
staining. The sizes of the telomere repeats were d
termined by comparison with the biotinylated mo-
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lecular markers. A similar approach was used t
examine telomere length in DNA from the tissues o
six fetal monkeys exposed to either 0 é 3) or
10.0 mg AZT/day for the last 9.5-10 weeks of ges
tation (n = 3).

Results

Evaluation of AZT as a
Transplacental Carcinogen

To test for transplacental tumorigenic
ity, pregnant CD-1 Swiss dams were ex
posed once daily to 0, 12.5, or 25.0 mg
AZT via intragastric intubation on days
12 through 18 of gestation. In the carci-
nogenicity study, litter sizes did not differ
substantially between AZT-exposed an
control mice, and no further exposure
were given postnatally. Ten offspring of

Tumor incidence (%)

100

80

60

40

20

None - .

50

40

30

20

10

50

40

30

20

50

40

30

20

12.5 250 0

mg AZT/Day

12.5 25.0

(o) @ouapou|] Jown]

each sex from each treatment group were

necropsied at 3 and 6 months, and no nedig. 1. Tumor incidences in internal organs of offspring of pregnant mice 190-400 days after transplacental
plasms were found. However, the interin_@’-az@o-z,.3’-_d|deoxythym|d|ne (AZT) exposure. Pregnant CD-1 mice were given 0, 12.5, or 25.0 mg AZT
- . In sterile distilled water once daily on days 12 through 18 of gestation. Pups were delivered normally and

sacrifice at approximately 1 year r?"ea'e iven no further treatment. When moribund or at sacrifice (190-400 days), the mice underwent complete

the presence of tumors, prompting theecropsy ¢ee“Materials and Methods™ section). The figure shows the following tumor incidences: lung

sacrifice of additional animals of each sexumors (from bronchoalveolar cells) in malés) @nd in femalesg); hepatocellular adenomas, including two

in each group for further analysis. Com-<arcinomas, in male<)); female reproductive organ tumoi); and hematopoietic tumors in malds) @nd

plete necropsy and histopathologic anan_emales F). Tumor |nC|d_ences were analyzed for dose-related linear trend by use of the Cochrar_]—Armltage
. . oo > chi-squared test (two-sided). High-dose AZT (25.0 mg AZT) versus control (no AZT) comparisons em-

sis of dead, moribund, or sacrificed anl'ployed the Fisher’s exact test (two-sided). Probability values for these two tests are, respectively, .0004 and

mals at 190-400 days of age (averag®ooss for male lung tumors\): .037 and .056 for female lung tumoiB)( .0011 and .0014 for male liver

ages of 350—382 days) revealed a severatimors C); and .033 and .034 for female reproductive organ tumbjs (
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tiplicities in Table 1 are shown in a tablein the nuclear and mitochondrial DNA parison with the DNA from control ani-
footnote. The presented statistical relafrom multiple pooled organs of newbornmals, smaller sized telomeric DNA was
tionships are based on pooled groups;D-1 mouse pups (three litters) afterdetected in the livers from five litters, the
since preliminary tests indicated that littetransplacental exposure to 25.0 mg AZTbrains from three of five litters, the lungs
proportions within each test group wereday on days 12 through 18 of gestatiorirom two of five litters, and the kidneys
generally homogeneous. A possible ex(Table 2, A). Incorporation was widely from one of five litters of AZT-treated
ception was noted for the male—lung-variable among litters, organs, and DNAanimals. The variability between litters
high-dose group, where near-significantompartments, suggesting that undefinedbserved for telomere length is similar to
heterogeneity was foundP( = .058), pharmacokinetic and specific tissue facthat seen for AZT incorporation into
which was due exclusively to one littertors influence persistent AZT incorpora-DNA.
with lung tumors in all five male off- tion. Litter size appeared to influence The data in mice demonstrated AZT-
spring. Reanalysis of the data excludingneasurable incorporation levels, since litinduced genotoxic and carcinogenic ef-
this litter resulted in somewhat lower sig-ters 1 and 3 each consisted of 14 pups arfdcts at a high dose. To approximate the
nificance probabilities but no overall had the lowest incorporation levels, ancdhuman exposure of about 8.3 mg/kg body
change in conclusions. When analyzed olitter 2, with only 11 pups, had higherweight per day, we gave three pregnant
a litter basis, comparisons of low- withincorporation levels. Erythrocebus patagnonkeys 10.0 mg
high-dose AZT for the lungs and the liver Telomerase is active in fetal tissuesAZT/day (approximately 1.5 mg/kg body
produced results that generally reaffirmeénd tumor cell§27),and previous studies weight per day) 5 days a week during the
the conclusions based on pooled groupshave demonstrated that AZT can be preflast 9.5-10 weeks of a 23-week gestation.
erentially incorporated into the telomericMultiple fetal tissues were obtained after

Transplacental AZT Exposure and DNA of cells containing telomerag@4). cesarean section. AZT incorporation was
Genotoxicity in Newborn Mice and In vitro long-term exposure to 80Q.M observed in the nuclear and mitochondrial
Fetal Monkeys AZT was shown to produce an irreversDNA of transplacentally exposed mon-

ible shortening of telomere@8). In this keys but not in the DNA of unexposed

Using a sensitive anti-AZT radioim- study, telomere length was examined ircontrol animals (Table 2, B). Even though
munoassay (AZT-RIA)22) and compar- five litters of newborn mice exposed tothe monkey dose was much lower than
ing DNA from exposed and unexpose®5.0 mg AZT/day as described in Table 2the dose received by the mouse, incorpo-
animals éee “Materials and Methods” A. Fig. 2 shows the results for liver, ration levels were generally several-fold
section), we detected AZT incorporationlungs, and brain from one litter. In com-higher than those observed in the mouse.

Table 1. Tumor multiplicities at 190-400 days of age in offspring of mice given 0, 12.5, or 25.0'ragiBo-2,3'-dideoxythymidine (AZT) per day by
gavage on days 12 through 18 of gestation*

Organ of tumorigenesis

Offspring Lungs, mean No. of Liver, mean No. of Female organs, No. of
AZT exposure, mg evaluated tumors + SET tumors + SEf tumors Incidental, No. of tumors
0 31 males 0.10+0.07 (1 CA) 0.23+0.14 na 2 liver
hemangiosarcomas
30 females 0.13+0.06 (1 CA) 0 0 1 skin basal cell tumor
125 23 males 0.13+£0.07 (1 CA) 0.48+0.18 (1 CA) na 1 skin papilloma; 1 skin
hemangiosarcoma
22 females 0.14 £0.07 (2 CA) 0 2 uterine endometrial None
stromal polyps; 1
vaginal
leiomyosarcoma
25.0 26 males 0.50+0.11 (4 CA) 0.79+0.26 (1 CA) na None
24 females 0.38+0.10 (3 CA) 0 1 Sertoli cell tumor, 1 skin papilloma; 1
ovary; 1 histiocytic malignant tumor§

sarcoma, uterus; 1
hemangiosarcoma,
uterus; 1 endometrial
stromal polyp, uterus

*Tumor multiplicity refers to the number of tumors per animal. Results include findings from moribund and dead animals and those killed at 12—-13 months. ¢
= standard error; CA= carcinoma; na= not applicableP values (two-tailed) for trends and comparisons were as follows: Male lung tumors—trend test,
.014; control (0 mg AZT) versus high-dose AZT (25.0 mg)= .001; low-dose AZT (12.5 mg) versus high-dose APT= .012. Female lung tumors—trend test,
P = .15; control versus high-dose AZP, = .042; low-dose AZT versus high-dose AZFP,= .071. Male liver tumors—trend tes®, = .013; control versus
high-dose AZTP = .0016; control versus low-dose AZP, = .097. Trend tests were performed with the Jonckheere test, and pairwise treatment comparisons were
made by use of the Wilcoxon rank-sum test (both are nonparametric methods).

tLung alveolar cell adenomas and carcinomas.

fLiver hepatocellular adenomas.

§Autolyzed neoplasm involving pancreas and spleen.
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Table 2, A. Incorporation of 3-azido-2,3'-dideoxythymidine (AZT) into nuclear and mitochondrial  Djscussion
DNA of fetal CD-1 mice exposeth uteroto AZT*

fmol AZT/pg DNAT At the doses tested here, AZT is un-

Litter 1 Litter 2 Litter 3 equwoca_lly a tr_ansplacenf[al genotgxm

and carcinogen in CD-1 mice. The liver

Organ  Nuclear Mt Nuclear Mt Nuclear Mt and lungs, targets for tumor formation in
Brain nd nd nd 49.5+3.91 nd nd this study, are typical organ sites for
Lungs nd nd 226.7+128.4 nd 403+94  51.4+150 ; ; ;

Liver nd nd 121.1+78.9f  42.9+14.9% nd n ggnotoxm traqsp!acental carcinogens n
Kidneys 232+25  284+75  412+1.2% nd nd 33.3+ 13.3tMice (7). The incidence, latency, multi-
Skin nd 160.8 +43.6 87.5+235%F 302.7+64.0% ns 227.0 £ 195.@3licity, and histopathology of the AZT-

> CDAm iven 0 3) or 25.0 (0= 3) mg AZTd g (14 each for li induced tumors indicate that AZT is
*Pregnan -1 mice were given or25.0(n=3)m ay, and the pups each for litters. . .
1and sgand 11 for litter 2) were born 24 hours or less after t%e last exposure. F(FJ)r gach organ (e.g., kidhnglesg,medlate Ir_] potency as a mquse trgns-
tissue from all of the pups of one litter was combined, nuclear and mitochondrial DNA was prepared,igg€ental carcinogen. On a toxic-equiva-
3-ug aliquots of DNA were assayed by use of an anti-AZT radioimmunoassse{aterials and Meth- lent dose basis, this drug is less potent
ods” section). Incorporation is expressed as fmol AZJ/DNA in relation to results obtained with tissuethan N-nitrosoethylurea(29), 7,12-
DNA from unexposed mice. Except where noted, values are means + standard error for three to five afﬁ?ﬁ%thylbenz@]anthracene(30) and 3-
TMt = mitochondrial; nd= not detectable; ns= no sample. ’

tMean * range for samples assayed twice. methylcholanthreng31), but it is more

potent thanN-nitrosodimethylaming29)
and the tobacco-specific nitrosamine 4-
(methylnitrosamino)-1-(3-pyridyl)-1-
butanone(32). When given transplacen-
fmol AZT/ng DNAT tally to mice, benzaf]pyrene produced

Monkey No. R105 Monkey No. R200 Monkey No. R226 Iung and liver tumor muItipIiCities similar
to those observed he80). The female

Table 2, B. Incorporation of AZT into fetaErythrocebus patamonkey nuclear and
mitochondrial DNA*

Organ Nuclear Mt Nuclear Mt Nuclear Mt . .
reproductlve organ tumors, absent in un-

Brain nd 120.0 +40.0+ 150.0 +70.0% nd nd 242.0+89.4reated animals, are similar in type and

Cerebellum 227.7 +94.7 nd 81.5+11.5% ns 252.7+84.0 282.0+54.7 . .

Lungs 739.0+221.1 253.7+135.9 nd nd 166.7+13.3 203.0+ SIE;KCldence to those resulting from mouse

Liver 566.0 + 274.0 nd 230.0+70.0f 55.0+15.0f 146.0+69.1 nd transplacental exposure to DES).

Heart 541.6 £ 84.9 155.0 + 63.7 60.0+10.0f 45.0+5.0f 316.0+152.8 3243+ 4%.4 . f he | 7% of .

Placenta nd 22.0+6.0% nd 60.0+0f  341.7+1238 nd (0 mice for the last 37% of gestation at a

daily dose that was approximately five-

*Pregnant patas monkeys were given 0r8) or 10.0 (n= 3) mg of AZT/day (approximately 1.5 mg/kg fold higher than the equivalent daily dose
body weight per day) in a piece of banana 5 days per week for the last 9.5-10 weeks of gestation. Fepsgs ed by pregnant women [With the
were taken by cesarean section on days 149 through 152 of gestation (24 hours after the last dose). Tisgug .

. - o ) . N se of the mouse—human scaling factor of
processing and AZT-DNA radioimmunoassay were as described in the “Materials and Methods” sec! o, . o
with comparison of DNAs from unexposed and exposed monkeys. Except where noted, values are meen2: described by Freireich et gB33)].

standard error for three to five assays. With no scaling factors applied, an HIV-
TMt = mitochondrial; nd= not detectable; ns= no sample. 1-positive pregnant woman receiving
+Mean £ range of two assays. AZT during the last two trimesters will

have a total dose of about 1.4 g/kg body
Fig. 2. Telomere length in nuclear DNA from Welght. The mice receiving 25.0 mg AZT/
lung, brain, and liver tissue of newborn mice day were given a total dose of about 3.5
either unexposed (c, control) or exposed (a) t c acaks g/kg body weight, and the monkeys in this
3'-azido-2,3'-dideoxythymidine (AZT)in utero study received about 0.08 g AZT/kg body
ata dose of 25.0 mg/day on days 12 through 1 weight. Nevertheless, fetdrythrocebus

of gestation. DNA was isolated, digested with .

restriction endonucleases, resolved in a 1% ag patas monkeys, given AZT at a much
rose gel, transferred to a nylon support mem lower dally dose than that received by the
brane, and hybridized with a biotinylated probe CD-1 mice, had more AZT-DNA incor-
specific for human telomeric DNA repeat se- poration than that detected in the newborn
quencgs. The sizes of Fhe telqmeric r(_ep(_eats we mice.

determined by comparison with the biotinylated .
molecular marker (MM) DNAs (note the 2- and Human-mouse dose comparisons are
23-kilobase reference regionsee“Materials further complicated by a number of fac-
and Methods” section for more details. tors. Phosphorylation of AZT is more ef-
ficient in mice than in human&34). The
plasma half-life of AZT in mice is 20
Again, there was a large interanimal varinot measurably altered in the DNA fromminutes(35,36),whereas it is 1-2 hours
ability in AZT-DNA levels among the liver, brain, cerebellum, heart, lungs, andn humang10). Because CD-1 mice typi-
monkey fetuses and in the DNA compartplacenta obtained from AZT-exposed fecally carry 10-14 pups, the ratio of fetal
ments. The size of telomeric DNA wastal monkeys (data not shown). weight to total maternal weight at deliv-

Llung Brain  Liver MM

@
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ery is 0.4 or more in the mouse, compareds related to tumorigenicity, it may be sig- ~ developmental exposure to diethylstilbestrol:
with 0.1 or less in humans. Together withificant that mice developed tumors in or-  implications for other environmental estrogens.
tissue-specific differences in target orgamans where nuclear AZT DNA was not 52:";0” Health Perspect 1995;103 Suppl 7:
responses and differences in litter sizalways detgctable. In addltlon_, the mon- (4) Zahm SH, Devesa SS. Childhood cancer: over-
(11-14 pups for these experiments), thkeys had higher levels of AZT incorpora-  view of incidence trends and environmental
variability in - incorporation tion into an the mice in spite o carcinogens. Environ Health Perspect 1995;
bility in AZT-DNA porat t to DNA than th pite of Ith
and telomere length might be expectedeceiving a much lower dose. The telo- 103 Suppl 6:177-84. _
However, despite this variability, litter mere length assays also provide novel in-®) S:'\I/(;tff Dﬁ' Chen JH. P?re”taf' OC?(‘;pat_'OI” and
differences in tumorigenesis were noformation but no clear context for evalu- ~ &''(00C cancer: review of epigemioiogic.
L . . . . studies. Environ Health Perspect 1990;88:
significant (Fig. 1). Pregnant monkeys.ation of the biologic consequences. The 555 57
which carry only one fetus, may thereforeobservation that telomeres were shortenegs) sunin GR, Rose PG, Noller KL, Smith E. Oc-
be a more appropriate model for thdn the mice and not in the monkeys would  cupational and environmental reproductive
human. suggest that dose effects are important; hazards. In: Paul M, editor. A guide for clini-
Two transplacental studies of AZT inhowever, the fetal mice appeared to func- i'gg;_-;aggmore (MD): Williams & Wilkins,
mice, in which much lower doses than oution no_rmally, and any p053|b_le relapon- (7) Anderson LM, Donovan PJ, Rice JM. Risk as-
doses of 12.5 and 25.0 mg/day were useship with the process of tumorigenesis re-"  sessment for transplacental carcinogenesis. In:
failed to find a carcinogenic effect. Ayersmains obscure. Both of these biomarkers i ap, editor. New approaches in toxicity test-
et al. (37) gave pregnant CD-1 mice 20.0will be examined in great detail in future ing and their application in human risk assess-
and 40.0 mg AZT/kg body weight per daystudies to assess their relationships with ment. New York: Raven Press, 1985:
(approximately 0.5 and 1.0 mg AZT/day)the observable biologic consequences of 179-202. _ _
from the 10th day of gestation throughAZT exposure (8) Connor EM, Sperling RS, Gelber R, Kiselev P,
X y 9 i 9 p : i Scott G, O'Sullivan MJ, et al. Reduction of
weaning. Pups were then treateq with 0, The relevance of the mouse s.tudles 0 matemal-infant transmission of human immu-
20.0, or 40.0 mg AZT/kg body weight perhuman exposure must be considered in nodeficiency virus type 1 with zidovudine
day for 24 months. In animals given life-the context of dose-equivalency, an espe- treatment. Pediatric AIDS Clinical Trials
time exposure to 40.0 mg/kg body weightially difficult extrapolation for transpla- Group Protocol 076 Study Group. N Engl J
per day, the males were unaffected, andental exposures. Available literature _Med 1994,331:1173-80.
inal t b d v in thed t all t timati f(9) Sperling RS, Shapiro DE, Coombs RW, Todd
vaginal tumors were observed only in thedoes not allow an accurate estimation of™ j,"c 20 'SA ‘Wesherry GD, et al. Maternal
adult fem_ales; howe_ver, t.he tumgr yieldhuman risk implied by these data. HOw-  yiralload, zidovudine treatment, and the risk of
was not increased in animals given naver, our results suggest that the current transmission of human immunodeficiency vi-
drug exposure past weaning. Bilello et alpractice of treating HIV-1-positive rus type 1 from mother to infant. Pediatric
(35) gave 4.5 mg AZT/day to pregnantwomen and their infants with high doses  A!PS Clinical Trials Group Protocol 076
. . . S Study Group. N Engl J Med 1996;335:
mice on days 16 through 21 of gestatiorof AZT could increase cancer risk in the 5.7
and postnatally to nursing dams; these indrug-exposed children when they reaclho) Retrovir. In: Physicians’ desk reference. Mont-
vestigators did not detect tumors in theyoung adulthood or middle age. The re-  vale (NJ): Medical Economics Co., 1997:
offspring by gross examination of tissuesnarkable effectiveness of AZT in pre-  1216-25. )
at 18 months. Taken together with ouwventing fetal HIV infection(8,9)indicates (11) Avers KM, Clive D, Tucker WE Jr, Hajian G,
tudy, the data suggest that cumulativehat the immediate need for treatmentofa ¢ Miranda P. Nonclinical toxicology studies
stuay, 99_ ) " ) ) - with zidovudine: genetic toxicity tests and car-
dose effects are critically important inpotentially fatal disease should outweigh  cinogenicity bioassays in mice and rats. Fun-
determining the prenatal carcinogenicitithe potential cancer risk. However, given  dam Appl Toxicol 1996;32:148-58.
of AZT. the relatively high tumor incidences ob-(12) Toxicology and carcinogenesis studies of AZT.
Two novel genotoxicity assays wereserved here at only half of the lifetime of ~ Research Triange Park (NC): National Toxicol-
employed in this study. The AZT-RIA, the mouse, it would seem appropriat ogy Program, 1996
_p Yy ) Y ) ! oo o ) _pp ) p : ?13) Olivero OA, Beland FA, Fullerton NF, Poirier
which has previously been validated byboth to include additional notification in MC. Vaginal epithelial DNA damage and ex-
comparison with incorporation of radiola-informed consent documents and to plan pression of preneoplastic markers in mice dur-
beled AZT into nuclear DNA(22), was extensive follow-up of AZT-exposed  ing chronic dosing with tumorigenic levels of
applied here for the first time to mito- children. In addition, since human carci-  3-azido-2,3"-dideoxythymidine. Cancer Res

. . L ) o ! . 1994;54:6235-42,
chondrial DNA. Unlike the situation with nogenesis is multifactorial and take§14) Armitage P. Statistical methods in medical re-

many chemical carcinogens that preferermany years to develog38), protective search. Oxford, England: Blackwell Scientific

tially modify mitochondrial DNA by co- modulation may be possibl@9). Publications, 1971:362-7.

valent binding, the incorporation of AZT (15) Colquhoun D. Lectures on biostatistics. Ox-

into mitochondrial DNA was highly vari- References ford, England: Clarendon Press, 1971:
116-23.

able and did _nOt parallel the incorporation (1) Napalkov MP, Rice JM, Tomatis L, Yamasaki (16) Snedecor GW, Cochran WG. Statistical meth-
of the drug into nuclear DNA. Because  y editors. Perinatal and multigeneration carci-  ods, sixth edition. Ames (IA): lowa State Uni-
there is no literature for the comparison of  nogenesis. Lyon, France: IARC, 1989. versity Press, 1967:215-21.

nuclear and mitochondrial DNA incorpo- (2) Herbst AL, Ulfelder H, Poskanzer DC. Adeno- (17) Tarone RE. Testing the goodness of fit of the
ration of AZT, further validation must carcinoma of the vagina. Association of mater- binomial distribution. Biometrika 1979;66:

. . . nal stilbestrol therapy with tumor appearance 585-90.

await Conf_lrmatlon and the deve!opment in young women. N Engl J Med 1971;284: (18) Freeman MF, Tukey JW. Transformations re-
of alternative methods. Although it is un- 878-81. lated to the angular and the square root. Ann

clear whether mitochondrial genotoxicity (3) Newbold R. Cellular and molecular effects of Math Statist 1950;21:607—11.
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High Telomerase Activity in
Primary Lung Cancers:
Association With Increased Cell
Proliferation Rates and
Advanced Pathologic Stage

Juan Albanell, Fulvio Lonardo,
Valerie Rusch, Monika
Engelhardt, John Langenfeld, We
Han, David Klimstra, Ennapadam
Venkatraman, Malcolm A. S.
Moore, Ethan Dmitrovsky

Background: Telomerase enzyme activ-
ity is not detected in most normal cells,

stage, lymph node metastasis, patholog-

ic TNM (tumor—node—metastasis)
stage, and Ki-67 immunostaining; a
statistically significant inverse associa-
tion was found between telomerase ac-
tivity and patient age. No statistically
significant differences in telomere
length were found in relation to telom-
erase activity or pathologic stage.
Telomerase activity was not found to be
associated with clinical outcome in a
[nultivariate Cox proportional hazards
analysis adjusted for tumor stage and
lymph node status. Conclusions: High
telomerase activity is detected fre-
guently in primary non-small-cell lung
cancers that exhibit high tumor cell
proliferation rates and advanced
pathologic stage. [J Natl Cancer Inst
1997;89:1609-15]

a phenomenon believed to be associated
with limitations on cellular prolifera-
tion. Since this activity is detected in
nearly all human tumors, including
non-small-cell lung cancers, it has been
suggested that telomerase activation
may be coupled to acquisition of the
malignant phenotype. In this study, we
determined whether telomerase activ-
ity was associated with tumor patholog-
ic stage, tumor cell proliferation rates,
and clinical outcome in a cohort of pa-
tients with resected non-small-cell lung
cancer for whom long-term follow-up
was available.Methods:Primary tumor
specimens from 99 patients treated
with surgery alone and six patients
treated with surgery after chemo-
therapy were analyzed. Telomerase ac-
tivity was measured by means of a
modified Telomeric Repeat Amplifica-
tion Protocol (TRAP) assay. Southern

Human telomeres are specialized nu

cleoprotein structures located at the en
of chromosomes and are composed

tandem repeats of the sequencé 5
TTAGGG-3 bound to specific proteins.
Conventional DNA polymerases canno
replicate the ends of linear chromosome

when cells dividg1l). Telomerase is a ri-
bonucleoprotein that synthesizés novo

telomeric DNA onto chromosome ends
thus compensating for this ‘‘end-

replication problem” (2,3). In somatic

cells, where telomerase activity is usuall
not detected, there is progressive telomere
shortening during replication, and telo-
mere length often reflects cellular prolif-

erative potentia{4—7). In contrast, germ

cells and most immortalized human cel
lines exhibit telomerase activity and

stable telomere lengi{8—10).Telomerase

Y

mere elongation(13,14). In support of
this possibility, treatment of immortalized
human tumor cell lines with antisense oli-
godeoxyribonucleotides targeted to the
RNA component of human telomerase led
to a reinitiation of telomere shortening
and induction of the massive cell death
associated with proliferative senescence
(13). The maintenance of a constant av-
erage telomere length in cells expressing
telomerase activity seems to be regulated
by a negative feedback loop. This idea is
supported by functional studies with a re-
cently cloned telomere-binding protein
that suppresses telomere elongation and is
proposed to be a negative regulator of
telomerase activitf15).

Lung cancer remains the most com-
mon cause of cancer-related death in the
United States for both men and women. A
better understanding of the biology of
lung tumors and identification of diagnos-

ic markers or new therapeutic targets are

Ol*rgently needed to develop novel treat-

ment strategies that could improve the
dismal survival rates of most patients with
ng cancer(16,17).In a pivotal study

u
£18), telomerase activity was found in

8.4% of non-small-cell lung cancers

%NSCLCS) and in all small-cell lung can-

cers examined. Varying levels of telom-
erase activity were previously detected in
NSCLCs (18), and it was hypothesized
that the tumors with no or low telomerase
activity might be composed primarily of
ortal cancer cells. High levels of telom-
erase activity were detected in metastatic
lesions even when undetected in the pri-
mary tumor, suggesting that telomerase
Pctivation contributes to the development

m

*Affiliations of authors:J. Albanell, M. Engel-

blot analysis of terminal restriction activity is frequently expressed in human
fragments was used to evaluate telo- tumors, as assessed by the highly sen pardt, W. Han, M. A. S. Moore (Laboratory of De-
g . . ) ! . Yy . ghly %)elopmental Hematopoiesis), F. Lonardo (Depart-
mere length. Immunohistochemical tive polymerase chain reaction (PCR)ment of Pathology and Laboratory of Molecular
analysis of Ki-67, a proliferation- based Telomeric Repeat AmplificationMedicine), V. Rusch, J. Langenfeld (Thoracic Sur-
associated nuclear antigen, was used to Protocol (TRAP) assay8). These find- gery Service, Department of Surgery, and Labora-
assess tumor cell proliferation.Results: ings, coupled with infrequent telomeraséd® ©f Molecular Medicine), D. Klimstra (Depart-

L . L ment of Pathology), E. Venkatraman (Biostatistics
Telomerase activity was detected in 84 expression in normal cells, suggested tha{ 9y) (

. o ; ervice, Department of Epidemiology and Biostatis-
of the 99 tumors treated with surgery telomerase activation was tightly coupledics), E. bmitrovsky (Division of Solid Tumor On-
alone; this activity was not detected in to the acquisition of the malignant pheno<ology, Department of Medicine, and Laboratory of
specimens of adjacent, benign lung tis- type (8,11,12). Molecular Medicine), Memorial Hospital and Sloan-
sue. Telomerase was detected in only The RNA component of human teIom-Ke“g””g Institute, Msmorlal Sloan-Kettering Can-
three of six tumors resected after che- erase_(13) and a teIomerase—associate&eéoﬁggc’)r']\‘de;':];ortc)’é\t'gén Dmitrovsky, M.D..
motherapy. For the surgery-alone protein have recently been clongti4). vemorial Sloan-Kettering Cancer Center, 1275
group, statistically significant positive These two components are widely exork Ave., New York, NY 10021.

associations were found between the pressed in human tumors and tumor cell See"Notes” following “References.”

level of telomerase activity and tumor lines, and they may be necessary for teloge Oxford University Press
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of metastatic disease. This stuq$8) 4°C. Supernatants were collected and stored abntrol reaction (q.L CHAPS lysis buffer) and of
raised the prospect that telomerase migmso °C. Pro_tein concent_rations were _measured bQ.l amol of the quantitation standard oligonu_cle_o-
represent a marker for immortal lung Canyse of the Bio-Rad protein assay kit (Bio-Rad Labo+tide R8 were included. The telomerase guantitation
. . ratories, Richmond, CA), and aliquots containing Iresults were expressed as total product generated
cer cells and a therapeutic target in |Un9lg protein/mL were stored at —80 °(@8,22,23). (TPG) (eeFig. 1 for details of the quantitation). The
cancer. TRAP assay. The telomerase assay was per-specificity of the 6-bp ladders was confirmed by the
In our study, telomerase activity wasformed according to a recently modified TRAP as-absence of the ladders following heat inactivation of
measured by use of a recently modifie? protocol (Kim NW, Wu F: per§0_nal communi- the pr_otein extracts._AII protein extracts were ana-
TRAP assay (Kim NW, Wu F: personal catlop) (8,22-24). Ex?racts (_:ontalnlng 2ug of _ lyzed in at least two |ndepend¢nt TRAP assays, and
7 . _protein were assayed in reaction tubes that containdtle average telomerase activity (TPG) was calcu-
communication) that increases the relisg | of the TRAP reaction mixture. The TS primer lated (Fig. 1). Subgroups were defined as having
ability of the assay, allows the expressionvas labeled at its '5end by use of 5 U T4oly-  negative (TPG= 0), low (TPG>0 and<5), mod-
of relative levels of telomerase activity,nuclectide kinase (PNK; Promega Corp., Madi-erate (TPG>5 ane<30), or high (TPG>30) telom-
and identifies the presence of inhibitors OESP?A\GV;%OEQEZ tzri[?#o(;;)h(;fte:sgglfop;icl);n?gl TE:{e eraAsllfafliiﬁteiVi:Jﬁosphatase activity. Alkaline phos
Taq polymerase. The purpose of _thISKinase reaction mixture was incubated at 37 °C fophatase activity was assayed as a control for possible
study was to analyze comprehensivelyg minutes, and then the PNK was heat inactivategrotein degradatio(23). Two tumor protein extracts
whether a relationship existed betweeint 95°C for 5 minutes. Each TRAP reaction con-had no detectable alkaline phosphatase activity and
telomerase activity, tumor pathologicsisted of 5uL 10x TRAP buffer(22), 50 wM stan-  were not subsequently analyzed. Alkaline phospha-
stage, tumor cell proliferation rates, andiard deoxyribpnucleoside triphosphat_es,,ﬂglend- tase_ Ievels_were similar in extracts of normal and
clinical outcome in a welI—characterized'abe.IEd TS primer, 0.;Lg RP return primer, 0.4ug  malignant tl_ssues (da_lta not _shown). _ _
. . NT internal control primer, 0.01 amol of the TSNT Immunohistochemistry. Ki-67, a proliferation-
cohort of patients with resected NSCLGCpernal control template, 2 TaqDNA polymerase associated nuclear antigen that is present only in
for whom long-term clinical follow-up (AmpliTag; The Perkin-Elmer Corp., Branchburg, proliferating cells(25), was assessed immunohisto-

was available. NJ), and the extract containing;dy protein. TSNT chemically to measure tumor cell proliferation rates.
is an internal control PCR template amplified by theFive-micron-thick, paraffin-embedded sections were
Methods primers TS and NT, giving a 36-base-pair (bp) prod-deparaffinized and rehydrated by use of standard

uct. After a 30-minute incubation at room temperatechniques. Pretreatment of the sections consisted of
ture, the TRAP reaction mixture was subjected to 3@igestion with 0.05% trypsin, followed by micro-
Tissue specimensOne hundred seven tissue cycles of PCR. The PCR products were resolved bwave treatment for 10 minutes. The sections were
specimens were obtained from consecutive patient§ectrophoresis in a 15% polyacrylamide gel undethen exposed to 3% J@, for 5 minutes, saturated
with primary NSCLC who underwent potentially cu- nondenaturing conditions, and the gel was analyzedith 0.05% bovine serum albumin (BSA), and pre-
rative operations. Use of these found tissue specjn a Phosphorimager (Molecular Dynamics, Sunincubated with normal horse serum (Cappel Re-

mens was approved by the relevant institutional repyyale, CA). In every gel, the products of a negativesearch, Durham, NC) at a 1:20 dilution in 2% BSA—
view boards. Protein extracts from 105 of these

specimens were adequate for analysis. Pulmonary
resection was accompanied by careful intraoperativeig. 1. Telomerase activity was

staging with complete mediastinal lymph node dismeasured by use of a recently A BT
section as described by Martini and Flehing®®). modified Telomeric Repeat - q.! - :

Lymph nodes were labeled separately for pathologi@émplification Protocol (TRAP)
analysis, in conformity with the American Thoracic assay ¢ee text for details).
Society Lymph Node Mai20). Within 10 minutes Panel A displays the R8 quan-
of completion of the pulmonary resection, a samplditation standard (lane 1), nega-
of the primary tumor, trimmed of the surroundingtive control results (Buffer [no
lung tissue and of any grossly necrotic material, wagxtract], lane 2), and the TRAP
snap frozen in liquid nitrogen. A separate specimeproducts generated from ex-
of benign lung tissue was harvested from an aretrtacts of selected pairs of non-
distant from the primary tumor and also frozen insmall-cell lung carcinoma and
liquid nitrogen. The presence of malignant or benigrhistologically benign lung tis-
lung tissue in the harvested samples was confirmesue (lanes 4-11). The R8 quan-
by microscopic examination. An independent astitation standard oligonucleo-
sessment by two pathologists (F. Lonardo and Dtide exhibits a characteristic

,.;;,ij

Klimstra) was performed, and both pathologists conpattern of six bands corre- 123435678 %910M1 12345

. . : . ) pCXrJr-J2r2rJd ar-— ==
curred with respect to the histopathologic featuresponding to the first through CwZzEg % Dg o % =] g IS g g
evaluated. The specimens were scored for tumaixth TRAP products. The as- LA % T % 5 % % % E o
grade, proportion of tumor tissue present, proportiosay incorporates an internal B FErzFzbz

of necrosis in the tumors, and the estimated percenpolymerase chain reaction
age of infiltrating lymphocytic cells in areas with (PCR) control, yielding a 36-
tumor. The tumor—node—metastasis (TNM) stagéase-pair (bp) product (designated TSNT), which migrates in the analytic polyacrylamide gel at a position
was determined according to the International Stagt4 bp below the smallest TRAP band. This control is used to monitor PCR efficiency during the PCR step
ing System for NSCLQ21). of the assay. The amount of telomerase activity from a given reaction was calculated by use of the following
Protein extraction. Frozen tissue samples (50-formula: TPG = [(T — B)/(CT)J/[(R8 — B)/(CR8)] x 100, whereT = the radioactive counts from the
100 mg) were homogenized in 100-200 ice-cold  telomerase bands from the protein extr&t the counts from the negative control reaction (background),
CHAPS (3-[{3-cholamidopropyl}-dimethylammo- R8 = the counts from the R8 standard (0.1 am@IJ, = the counts from the internal control TSNT reaction
nio]-1-propane-sulfonate) lysis buffer (0.5% (0.01 amol) of the protein extract, altR8 = the counts from the TSNT reaction (0.01 amol) of the R8
CHAPS, 10 nM Tris—HCI [pH 7.5], 1 nM MgCl,, 1  standard (0.1 amol). The final quantitation was expressed as the TPG (total product generated). One unit o
mM EGTA, 10% glycerol, 5 iv B-mercaptoetha- TPG was defined as 0.001 amol (or 600 molecules) of TS primer extended by at least three telomeric repeat:
nol, and 10 ng/mL leupeptine) with the use of dis-by the telomerase present in the extract. A telomerase activity level of 1 TPG corresponds approximately to
posable pestles and standard techniques. The tisstie telomerase activity from one immortal cell (Kim NW, Wu F: personal communicatRarjel B shows
homogenates were incubated on ice for 30 minutethat the assay was in the linear range from 0.001 amol (1 TPG) to 1 amol (1000 TPG) of R8 standard. This
and then centrifuged at 12 0@dor 30 minutes at range extended over three logarithms (base 10) of the target protein concentrations.
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phosphate-buffered saline (PBS) for 15 minutes gpatients were seen in follow-up by one surgeon (VHistologically benign lung tissue adjacent
room temperature. The MIB-1 antibody (Immuno-Rusch), as previously reportétl6). The parameters to 34 of these NSCLC specimens was also
tech, Westbrook, ME), used at a 1:50 dilution in 2%that were recorded included the patient’'s age an . . . . .
BSA-PBS, was applied at 4°C for 16 hou@5). sex, the tumor histology and stage, the estimate%xammed' Nlnety—elght patlepts Wllth
The sections were then rinsed with PBS for 30 minpercentage of viable tumor cells present in the specPtag€ H”A tumors and one patient W'Fh
utes, and a biotinylated anti-mouse immunoglobulirimen, and the disease-free and overall survivals @&tage 1V disease were treated by surgical
G (Vector Laboratories, Inc., Burlingame, CA) wascalculated from the date of surgery. The telomeraspesection alone (Table 1); six patients had
applied at a 1:500 dilution in 1% PBS—BSA at roomactivity, TRF length, and Ki-67 immunostaining re- preoperative chemotherapy. The patients
temperature for 60 minutes. The sections wersults were evaluated without knowledge of the cIini-Were treated during the period from Janu-

rinsed with PBS and incubated with peroxidasecal outcomes. .
conjugated streptavidin (Dako Corp., Carpinteria, Statistical analysis. Associations between telom- &Y 1990 through May 1996, and clinical

CA) at a 1:500 dilution in 1% BSA-PBS at room €rase activity (TPG) and the sex of the patient, tumcfollow-up was updated as of September
temperature for 45 minutes. The sections were thefiStology, lymph node metastasis, T stage, N stagd.996. Telomerase activity was present in
rinsed with PBS for 30 minutes, and color from the@nd pathologic TNM stage were evaluated by use 084 (84 89%) of the 99 tumors from patients

chromogen diaminobenzidine (0.06% in PBS) Wagh?atli(rﬁzkzaé_vwvg:'llsc}etsetfr:])iﬁsgebaert\n/:/ar;rsx tr;r(‘)l;‘;?gsé[reated with surgical resection alone.
developed for 15 minutes. The sections were subs&g'atio @) ere de ined e o Among these 84 tumors. 31 had low. 32
activity and patient age, Ki-67 immunostaining, per- g ) )

quently rinsed in water, counterstained with Harris . ’ R
modified hematoxylin (Fisher Scientific Co., Pitts- SN0 of tumor cells in the specimen, percentagéad moderate, and 21 had high telomerase
burgh, PA), rinsed in 1% acid alcohol for 2 seconds®f "eCrOSIS in the specimen, and percentage of lymagtivity (Fig. 1; data not shown). The lin-

rinsed in ammonia water for 15 seconds, dehydrate&)hocyt'c infiltration. The distribution of telomerase earity of the TRAP assay was confirmed

and placed under coverslips in permount media. kiactVity in relation to the degree of tumor cell dif- over a three-logarithm (base 10) range of
ft?rentlatlon was compared by use of the Wilcoxon

67 immunostaining was scored as the percentage ¢f (27). Overall survival and disease-free survivalth€ target protein concentrations (Fig. 1,
positive tumor cells per section. were calculated from the date of thoracotomy by us®). The average level of telomerase activ-

Terminal restriction fragment (TRF) length of the method of Kaplan and Meid28). The log- ity was 20 TPG (range, 0-134.9) (Fig. 2,

measurementsFor DNA isolation, tissues were in- .
' rank test(29) was used to compare survival across i
cubated for at least 3 hours at 50 °C with an appr (29) b A)- Telomerase activity was not detected

(o) . e
. ) the subgroups of telomerase activity. All statistical. 0 . L
priate volume of DNA extraction buffer (100 ivh tests were conducted at the two-sided, .05 level olp 15 (15'2 /0) of the 99 tumors in addition

NaCl, 40 nM Tris [pH 8.0], 20 M EDTA [pH 8.0],  gjgnificance. Proportional hazards regression watO all adjacent, histologically benign lung
0.5% sodium dodecyl sulfate, and 0.1 mg/mL proyseq 1o test the prognostic significance of factors iissue specimens examined (Fig. 1, A;
teinase K), followed by phenol-chloroform-isoamyl, muiiivariate mode(30). data not shown). A histopathologic re-

alcohol extractions and precipitation withM so- . .
dium acetate and ethanol. Electrophoresis of the “rResuIts view of 81 of the tumors established that

digested, high-molecular-weight DNA was per- telomerase activity and the eStimat?d per-
formed to assess DNA degradation. Southern blofg|omerase Activity and centage of tumor cells present in the
analysis to estimate telomere length was based (ﬂ specimenP = .1), the proportion of ne-

- : istopathol p 1), prop
previously reported method&-7,26). Genomic stopathology crosis in the specimerP(= _72), the de-

DNA was digested witiMsp| and Rsal restriction . L . .
endonucleases (Boehringer Mannheim. Mannheim, A total of 105 NSCLC specimens fromgree of lymphocytic infiltration® = .1),

Germany) at 37 °C for an appropriate length of time 105 patients were examined in this studyor the histologic grade of the tumade (=
Completeness of the DNA digestion was confirmed
by means of gel electrophoresis; g of digested

DNA was subjected to electrophoresis in 0.5% aga-
rose gels. The resolved DNA was depurinated for 20 Table 1. Comparison of tumor histology, primary tumor size, lymph node metastasis, and tumor stage

minutes in 0.2M HCI, denatured for 30 minutes in with telomerase activity in primary, resected non-small-cell lung cancer*

0.5 M NaOH-1.5M NacCl, and neutralized for 30

minutes in 0.5M Tris (pH 8.0)-1.5M NaCl. The Telomerase activity

DNA was then blotted overnight onto nylon filters . " o
(Schleicher and Schuell, Inc.? Keene, mH) in 20x No. of tumors Negative Positive % positive
solution of sodium chloride and sodium citrateHistology

(SSC). The filters were dried at 80 °C for 1 hour and Adenocarcinoma 56 8 48 85.7
subsequently hybridized to ¥#P0O, end-labeled ~ Squamous cell carcinoma 36 6 30 83.3
(TTAGGG), probe (Genset, La Jolla, CA) in a mix-  Large-cell carcinoma 7 1 6 85.7
ture that contained 5x SSC, 5x Denhardt’s solutionTumor stage

10 mM phosphate buffer (pH 6.4), and 3@/mL T1 20 1 19 95.0
salmon sperm DNA at 50 °C overnight. The filters T2 66 13 53 80.3
were washed twice in 0.5x SSC-0.1% sodium do- 13 13 1 12 92.3
decyl sulfate for 15 minutes each at 50 °C and theiymph node status

at room temperature for an appropriate length of NO 63 13 50 79.4
time. To determine TRF length, the hybridized N1 20 1 19 95.0
probe was visualized with a Phosphorimager (Mo- N2 16 1 15 93.8
lecular Dynamics), which quantified the radioactivePathologic stage

signal in each of the lanes. Each lane was then | 55 12 43 78.2
graphically divided over the range of 2—23 kilobase I 18 1 17 94.4
pairs (kbp) into quadrants, and the densitometric 1A 2? % Zi 1%%%

counts in each quadrant were measured. The

molecular-weight range of each quadrant was deter-  Total 99 15 84 84.8

mined by use of radioactive markers. The meaX

and peak TRF lengths were calculated as described * See (21)or information on tumor staging.

(26). tThe corresponding patient had a simultaneous solitary brain metastasis that was resected prior to tho:
Clinical database.After pulmonary resection, the racotomy.
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of MIB-1 immunostaining tumor cells
was 22%; for the telomerase-positive tu-

>
=

150 150 mors, this percentage was 32%, 32%, and
p<0.01 ° 49% for cases with low, moderate, and
° high telomerase activity, respectively.
8

—

=

[«
1

100 ~ Telomerase Activity and Pathologic

o Stage

Telomerase activity was detected in
95.0% of T1, 80.3% of T2, and 92.3% of
T3 tumors (Table 1). The average telom-
erase activity (TPG) was 18 in T1 and T2
' tumors compared with 36 in T3 tumons (
25 50 75 100 0 25 50 75 100 = .03) (Fig. 3, A, left panel). A signifi-
Tumors Ki-67 Immunostaining (%) cant association was found between

telomerase activity and lymph node me-
Fig. 2. A) Total product generated (TPG), as a measure of the level of telomerase activity in primtagtasis (NO versus N1-R,= .05; Fig. 3,
non-small-cell lung cancers, shows the continuum of the activity deteBjethe proliferative cell fraction A middle panel). Telomerase activity
wa; assgssed by means of immunqhistqchemistry, using the aptibody MIB-l, which recognizes the wgg detected in 79.4% of NO, 95.0% of
pro_llf_eratlon—assomated nuclear antlgen in paraﬁln—emt;_edded tissue specimens. The percer_ﬁage of Kh: 7 0
staining tumor cells was correlated with telomerase activity (TRPG) (.29;P<.01). Seetext for additional N1, and 93.8% of N2 tumors_(Table 1).
details. The average telomerase activity (TPG)
was 18.3 in NO lesions, 16.2 in N1 le-
.62) were not linked. Telomerase activityTelomerase Activity and Tumor Cell sions, and 32.7 in N2 lesions. Telomerase
was not associated with the sex of théroliferation Rate activity was associated with tumor patho-
patient P = .47) or the histologic tumor logic stage, with average telomerase ac-
type P = .87) (Table 1). Patient age was The MIB-1 antibody and immuno- tivities (TPGs) of 14.8, 18.2, and 30.2 in
correlated inversely with telomerase acstaining were used to measure the tumatages |, Il, and IlIA, respectivelyP( =
tivity (r = —4;P<.01). The remaining six cell proliferation rates in 93 tumors. The.01 stage | versus stage Il versus stage
patients had stage IlIA tumors that werepercentage of Ki-67-positive tumor cellslllA; P<.01 for stage | versus stages Il-
treated by surgical resection after induceorrelated with telomerase activity &  IlIA; Fig. 3, A, right panel). Telomerase
tion chemotherapy; the data from these.29; P<.01; Fig. 2, B). In telomerase- activity was detected in 78.2% of stage |,
patients were analyzed separately. negative tumors, the average percentad¥.4% of stage Il, and 92.0% of stage llIA

W
e
1

Telomerase Activity (TPG)

<o
1

=]

=
=

w1 fr

P

5 n 404

m-

0 1

Telomerase Actlvity (TPG)

TI-2 T ) n0 7 NI-Z 1 It 1hEY
Tumor Modal Metastasis Pathologic Stage

THNTHNTNTHNTHTHNT

Fig. 3. A) Telomerase activity (average total product generated [TPG] + standdhis specimen. TRFs from representative tumor (T) and matched, histologically

error of the mean [SEM]) was associated with tumor size and extension of thenign (N) lung tissue specimens are shown in lanes 2—-13. Tumor mean TRF
primary lesion (left panel, two-sideB = .03), the presence of lymph node lengths were found to be similar to mean TRF lengths in matched benign lung

metastasis (middle panel, two-sidBd= .05), and pathologic TNM stag@1) tissue (compare lanes 2, 6, and 8 with lanes 3, 7, and 9, respectively), longer than
(right panel, two-side® = .01) in non-small-cell lung canceB) The Southern mean TRF lengths in matched benign lung tissue (compare lane 4 with lane 5 and
blot analysis of terminal restriction fragments (TRFs) in lung tumors. The tumtame 10 with lane 11), or shorter than mean TRF lengths in matched benign lung

in lane 1 showed a long TRF (approximately 23 kilobases [kb]) and had higlesue (compare lane 12 with lane 13). The sizes of molecular weight standards
telomerase activity; DNA from matched, benign lung tissue was unavailable fappear at the right of this figur&eetext for additional details.
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tumors (Table 1). One patient with stageoverall survival were 1.78 (1.23-2.56) foring the potential for metastatic progres-
IV (simultaneous solitary brain metastasig <2 versus T>2, 0.66 (0.48—0.91) for Nsion. In three of six stage IlIA NSCLC
that was resected prior to thoracotomy)= 0 versus N>0, and 1.07 (0.63-1.82) foccases having major pathologic responses

had a TPG of 108. telomerase-negative versus -positivéo chemotherapy, telomerase activity was
o cases. Similarly, the hazard ratios (andiot detected in the tumors after chemo-

Telomerase Activity and Telomere 95% confidence intervals) for diseasetherapy. Perhaps repressed telomerase

Length free survival were 1.77 (1.25-2.52), 0.6activity results from effective chemo-

0.45-0.82), and 1.24 (0.74-2.08), respectherapeutic treatment. Examining this

The mean TRF length ranged from 6.2, - N . L .
t0 10.4 Kbp in the 15 telomerase-negativ ively. No statistically significant associa- possibility should be the subject of future

’ b “negalVe 1\ was found between telomerase actiwork.

tumors and from 5.5 to 23.0 kbp in the 30 L . -
o - Oty and clinical outcome after this A modified PCR-based telomerase as-
telomerase-positive tumors examined : . : i
analysis. say was used in this study. It is worth

(F|g.. .3’ B; data not shown). In telomerase- L noting that some variables could have in-
positive tumors, average mean TRFS wergelomerase Activity in Stage IlIA fluenced the telomerase activity measure-

7.5 kpb, 8.2 kbp, and 8.2 kbp in SpeciNSCLC After Preoperative ments. For instance, alkaline phosphatase
mens with low, moderate, and high telom-Cchemothera ) ' .
h . o Py measurements were used to assess the in-
erase activity, respectively. No significant itv of extracted orotein. H th
association between TRF length and tu- Telomerase activity was not deteCtedegg.ﬁ/ ° ?X :ECI'G prﬁ emh owever, the
mor size, lymph node metastasis, oin three of six primary stage IlIA tumors stability of a ”almﬁ P oi)pl' ata?e ?ctmty
pathologic stage was found. In 34 casegesected after induction chemotherap{]'2Y Ot para E. the St?d 'k;ty of telomer-
TRF analysis was performed in both the31) (data not shown). The three telomer5® ?th'.ty’ W 'Ct .cog %rr:.ore .setnhsr
tumor and adjacent, histologically benigrase-negative tumors had a major Pathc;l-vf ot mlpr?r pfrfc_) e eg}ra athn mt N
lung tissue. Similar mean TRFs werdogic response to chemotherapy. The rez<acts: Ie eh'c'ency‘? gr%et'\z ex ratf]
measured in 26 (76%) cases, but TRF&aining three tumors had detectablé'onlm""y also have varie i'l ein e
were reduced in the tumor in six (18%)telomerase activity and a less marked ré?"2 yzed tf|ssue spe<|:||mens. While td_e per-
cases and elongated in the tumor in tweponse to neoadjuvant chemotherapy. CeMNtage of tumor cefls present in adjacent
o tissues was scored, the percentage of tu-
(6%) cases. Peak TRF values were similar . ) I in th : d
between the tumor and benign lung tissuP1SCUSSION mor cells present in the specimens use

in 23 (68%) cases but were reduced in the for telomerase activity measurements was
S This study extends previous wo(k8) not scored, since the same tissue cannot
tumor in eight (24%) cases and elongategy

in the tumor in three (9%) cases. Among[ demonstrating that high telomerase ade processed for both parameters.

the four telomerase-neqative tUMOrS theivity in primary NSCLC is frequent in A small proportion of human tumors
TRF lengths were similglr 0 those fo’undspecimens with high cellular proliferationdoes not exhibit telomerase activity

. ; : rates and is associated with tumors preg41,42).In our study, telomerase activity
in normal tissues in three cases and re-_ . : :
) . senting with advanced stage. Telomerasgas not detected in 15.2% of the primary
duced in the tumor in one case. The av- . . . . )
- activity was detected in 84.8% of thelung cancers treated by surgical resection
erage telomerase activities (TPGs) wer

. . RISCLC specimens from patients who unalone. In a study of retinoblastoma, a de-
16, 13, and 18 in tumors with elongated . . ) .
derwent surgical resection only. Telomervelopmental tumor with a limited number

reduced, and unchanged TRF lengths, Gse activity was significantly higher in ad-of associated mutations, telomerase activ-

spectively. vanced-stage disease than in early-stadly was absent in 50% of the examined
Telomerase Activity and Clinical disease. Telomerase activity was intumors(43).It is possible that the require-
Outcome versely associated with age, as has beenent for telomerase in tumorigenesis de-

seen with at least one other tum(®2). pends on the telomere lengths found in

There were no statistically significantTelomerase activity has been linked to tuprecursor cells and on the number of
differences in disease-free survival omor stage in previous studies of neuroelonal expansions needédil). Additional
overall survival between patients groupedblastoma(33), breast cancef34), gastric explanations for telomerase-negative tu-
on the basis of telomerase activity & cancer(35), and leukemiag36). How- mors include the following: 1) telomerase
.1; data not shown). The 3-year actuariatver, such an association was not found iactivation followed by its repression after
disease-free survival was 57% for patientstudies of renal cancéB7), breast cancer telomere elongation, 2) telomerase down-
with telomerase-negative tumors com{32,38),gynecologic tumorg39), or he- regulation associated with cellular quies-
pared with 40% for patients whose tumorgatocellular carcinom#40). cence, 3) telomerase activity below the
had high telomerase activity, but this dif- In this series, telomerase-negative tulevel of detection of available assays, or
ference was not statistically significant. mors were infrequently associated withd) alternative mechanisms to compensate

The prognostic significance of telom-lymph node metastasis at presentatioror the end-replication problem. The ex-
erase activity was measured by use of &@his finding could relate to the need foristence of an alternative pathway was re-
Cox proportional hazards model. Since Textensive cell proliferation for metastasigorted in immortalized cell lines and was
status and N status are known prognostio develop from individual clones. Theassociated with very long telomeres (up to
factors in lung cancer, these parameterdonal expansion required could lead t0 kbp) (44). However, very long telo-
were included in the analysis. The hazarderitically reduced telomere lengths in themeres were not found in this study for the
ratios (and 95% confidence intervals) forabsence of telomerase reactivation, limitl5 telomerase-negative NSCLC speci-
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mens examined for telomere length. Thuprogenitor cells, basal telomerase levels fibroblasts. Proc Natl Acad Sci U S A 1992;89:
far, evidence of telomerase-negative cliniare low, but the enzymatic activity is rap- _ 10114-8.

: i ~ . (5) Vaziri H, Dragowska W, Allsopp RC, Thomas
cal tumors having such long telomeres igdly up-regulated when the cells are acti TE. Harley CB, Lansdorp PM. Evidence for a

not reported. vated to enter the cell cycle following ex- it clock in human hematopoietic stem
Few studies have comprehensively adsosure to combinations of hematopoietic  cells: loss of telomeric DNA with age. Proc
dressed the relationship between telomegrowth factors(26). In certain human tu- Natl Acad Sci U S A 1994;91:9857-60.

ase activity and prognosis. In neuroblasmor cell lines, such as acute promyelo-(6) Harley CB, Futcher AB, Greider CW. Telo-
toma, high telomerase activity correlatedytic leukemia and human embryonal car- g“lerfs T\lh‘irtenlcé‘g(')’.‘g‘é?fégg 60(: human fibro-
with poor prognosi$33). Similar findings cinoma cell lines, telomerase activity is asts. Hature L9591, o#9.498-08.

. . . . . . (7) Hastie ND, Dempster M, Dunlop MG, Thomp-
are reported in gastric ca_ncéB5) and rgprgssed follgwmg |nq.uced differentia- ~ * ¢, AM, Green DK, Allshire RC. Telomere
breast cance(45) but not in renal cell tion in maturation-sensitive but not matu-  reguction in human colorectal carcinoma and
carcinomag(37). In this series, NSCLCs ration-resistant cell line§2,50). Telom- with ageing. Nature 1990;346:866-8.
having high telomerase activity had aerase is also repressed in tumor cell lineg8) Kim NW, Piatyszek MA, Prowse KR, Harley
more unfavorable prognosis than telomerwhen the cells become quiescent, as re- C_Bt'_ WesfthMDv ch 'ID'-C' etal StP‘?tC'f'C_t‘:]‘S_SO'
ase-negative tumors, but the differenceported previously51,52). These observa- ~ S2'on O uman telomerase activity with im-

- . L L L. mortal cells and cancer. Science 1994;226:
were not statistically significant. While tions indicate that telomerase activity and 54115
these data suggest that telomerase hascellular proliferation may be linked in (9) Harley CB, Kim NW, Prowse KR, Weinrich
weak, or no, prognostic impact in lungclinical tumors. In breast cancer, telomer-  SL, Hirsch KS, West MD, et al. Telomerase,
cancer, perhaps the addition of more paase activity correlated with S-phase frac-  cellimmortality, and cancer. Cold Spring Har-
tients to this series and a longer follow-ugtion in lymph node-positive breast cancer 20" Symp Quant Biol 1994;59:307-15.
would clarify the question of prognostic (45), but other investigatoré82) failed to  (-0) Counter CM. Botelho FM, Wang P, Harley
. q L. ,p 9 L . g . CB, Bacchetti S. Stabilization of short telo-
impact of telomerase activity in NSCLC.find such an association. In this study, & meres and telomerase activity accompany
In this series, three patients with telomerhigh proliferation rate for tumor cells was immortalization of Epstein-Barr virus-trans-
ase-negative primary NSCLC still re-associated with telomerase activity, sug- formed human B lymphocytes. J Virol 1994;
lapsed despite surgical resection. Selegesting that telomerase is activated in = ©68:3410-4. _
tion of telomerase-positive clones maylung cancer when growth-stimulatory sig-% g;“?ﬁ;ncqgﬂragr;itm‘;Ifﬁﬁz‘ae:]“ofargirfayr
eventually occur at dlsp':.mt metastatic sitepals are t_rlggered. The_ patFern of telo.m— cinoma. Proc Natl Acad Sci U 'S A 1994:91:
when telomeres are critically shortened. lerase activity versus Ki-67 immunostain-  »900_4.
is reported in lung cancer that telomerasang shown in Fig. 2, B, indicates that(12) de Lange T. Activation of telomerase in a hu-
activation and telomere shortening at distumor cell subpopulations may exist, =~ man tumor. Proc Natl Acad Sci US A 1994;
tant metastatic sites can occur when prisince specimens with no or low telomer- _ 91:2882-5. N
tumors are telomerase negaf{¥8). ase activity were less correlated with ro—(13> Feng J, Funk WD, Wang SS, Weinrich SL,
mary g ’ y P Avilion AA, Chiu C, et al. The RNA compo-

Since most patients with lung cancer suckiferation rates than specimens with  pent of human telomerase. Science 1995:269:

cumb to distant disease, anti-telomeraseigher telomerase activity (= +.148 for 1236-41.
treatments may have a therapeutic role iactivity <10 TPG and = +.376 for ac- (14) Harrington L, McPhail T, Mar V, Zhou W,
the prevention of metastasis after successivity >10 TPG, plus data not shown). Oulton R, Bass MB, et al. A mammalian

. . . telomerase-associated protein. Science 1997,
ful local control of the primary tumors  In summary, high telomerase activity — 57c.975 7
(9,46). measured in primary NSCLC was founds) van Steensel B, de Lange T. Control of telo-

In many tumors, the mean telomereo be associated with an increased cellular mere length by the human telomeric protein
length, as estimated by TRF analysis, iproliferation index and advanced tumor  TRF1. Nature 1997;385:740-3.
similar to that found in the correspondingstage. These findings indicate that telom(16) Rusch V, f”l'gs"a D, _Ve”kstrama” E, Pisters
adjacent normal tissué33,34,41,47,48). erase activity may contribute to lung tu- sP|0rI1_ i??ﬁg EGFJF; ::(;'ti:g\f%gni 'T%:’;rseffgtes'
In this study, the mean and peak TRFmorigenesis and its progression. These guent in resectable non-small cell lung cancer,
lengths in the tumors were often similar toobservations support the concept of but does not predict tumor progression. Clin
those in the adjacent, benign lung tissugelomerase as an attractive therapeutic tar- Cancer Res 1997;3:515-22.
although the values were occasionally eiget in lung cancer. (17) Strauss GM, Kwiatkowski DJ, Harpole DH,

th I | in the t Al Lynch TJ, Skarin AT, Sugarbaker DJ. Molecu-
er smaller or larger in the tumor. Al- lar and pathologic markers in stage | non-

tered TRF lengths are reported to bdReferences small-cell carcinoma of the lung. J Clin Oncol
linked both to high telomerase activity 1995;13:1265-79.

(33,34) and to the lack of measurable (1) Blackburn EH. Structure and function of telo- (18) Hiyama K, Hiyama E, Ishioka S, Yamakido M,
telomerase activity37). In tumor-derived meres. Nature 1991;350:569-73. Inai K, Gazdar AF, et al. Telomerase activity in

. N (2) Greider CW, Blackburn EH. Identification of a small-cell and non-small-cell lung cancers. J
cell lines, no association was found be- specific telomere terminal transferase activity Natl Cancer Inst 1995;87:895-902.

tween telomere length and telomerase ac-  in Tetrahymenaxtracts. Cell 1985;43:405-13. (19) Martini N, Flehinger BJ. The role of surgery in
tivity (18). As recently reported, telomere (3) Morin GB. The human telomere terminal N2 lung cancer. Surg Clin North Am 1987;67:

length alone is unlikely to be an accurate transferase enzyme is a ribonucleoprotein that ~ 1037-49.

predictor of cellular immortalit)(34). synthesizes TTAGGG repeats. Cell 1989;59(20) Tisi GM, Friedman PJ, Peters RM, Pearson

Lo . 521-9. FG, Carr D, Lee RE, et al. Clinical staging of

T_elomer.ase activity is linked to prolif- (4) Allsopp RC, Vaziri H, Patterson C, Goldstein primary lung cancer. Am Rev Respir Dis 1983,;
eration in diverse cellular contexg6,49). S, Younglai EV, Futcher AB, et al. Telomere 127:659-64.
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Interferon Alfa Versus
Chemotherapy for Chronic
Myeloid Leukemia: a
Meta-analysis of Seven
Randomized Trials

Chronic Myeloid Leukemia
Trialists’ Collaborative Group*

Background: Several randomized clini-
cal trials in chronic myeloid leukemia
(CML) have reported better patient
survival with interferon alfa (IFN «)
than with standard chemotherapeutic
agents, such as busulfan or hydroxy-

urea. However, the size and persistence ity allows reduction of the population o

of this survival benefit is uncertain.

sus hydroxyurea.) Medline and computerized clini-
cal trial databases were searched; meeting abstracts,
reference lists, and review articles were examined;
and experts and pharmaceutical companies were
contacted6). Once a relevant trial had been identi-
fied, information, including the most recent follow-

. . . . up available, was sought on each randomized
Chronic myeloid leukemia (CML) IS a patient. This information included sex, Ph chromo-

hematopoietic stem cell disorder that gensome positivity, platelet and white blood cell counts,
erally progresses, after some years afnd Sokal score at diagnosis, along with dates of
treatment, from a relatively benignbirth, diagnosis, and randomization. The follow-up

chronic phase to an acute aggressive Stag@'iables collected included date last seen alive, date
nd type of response, date and type of any bone

(bla.St C”SIS)' Most patlen'ts dlagnqsed ARarrow transplant, and date and cause of death.
having CML have leukemic cells with the These data were checked centrally for any obvious
Philadelphia (Ph) chromosome, in whichinconsistencies (e.g., dates out of order), for balance
a translocation between chromosomes getween treatments within different subgroups and
and 22 has resulted in the fusion of th&ve' time, and for apparent discrepancies with any

. publications. As far as possible, data were to be
BCR and ABL genes (which encode @btained for all patients who had ever been random-

serine-threonine kinase and a tyrosine Kized, irrespective of whether they had been included
nase, respectively) to form an oncogen@ previously published trial analyses. Tabulations
(1). This definite chromosomal abnormal-of their own data (listing the numbers randomized
fand the numbers of deaths in various subgroups)
were sent to the trialists for checking, thereby en-

leukemic cells to be monitored, and Inter'suring that the data had been correctly interpreted.

in the therapeutic regimen produced
substantially better 5-year survival
than standard chemotherapy alone. [J
Natl Cancer Inst 1997;89:1616-20]

Our aim was to assess these reliably, feron alfa (IFNa) can cause at least tem-The methods for this type of meta-analysis (i.e.,

both overall and in particular patient
subgroups. Methods: We collaborated
in a worldwide overview of all clinical
trials in which patients with CML were
randomly assigned to receive either
IFN « as the main drug or standard
chemotherapy. Trials were identified
by electronic and hand searching of the
medical literature and databases and
by personal contact. Individual patient
data were available for each of 1554
patients who had been randomly as-
signed to treatment in seven trials
(German, ltalian, British, French,
Japanese, and “Benelux”). Intention-
to-treat stratified logrank survival
analyses were performed, reporting
two-sided P values. Results: AImost all
of the patients in these trials had dis-
ease with the Philadelphia chromosome
abnormality. Among those who did, the
regimens that involved IFN « produced
a statistically significantly better sur-
vival than those involving either hy-
droxyurea (P = .001) or busulfan P =
.00007) alone. The 5-year survival rates
were 57% with IFN « and 42% with
chemotherapy, with an absolute differ-
ence of 15% (standard deviation = 3%;
P<.00001). There were no trials or sub-
groups of patients in which the treat-
ment difference was statistically signifi-
cantly different from the average.
Conclusion: For patients with Philadel-
phia chromosome-positive chronic my-
eloid leukemia, the inclusion of IFN &

1616 REPORTS

porary disappearance of the disease, &ssed on individual patient data) have been de-

monitored by basic cytogenetics, in somécribed in detail elsewher(®).
patients Some trials allowed random assignment of Ph-

. . . negative patients, but the main analyses involve only
Since the introduction of IFN for the the Ph-positive patients. Since the number of pa-

treatment of CML, several randomizedents not known to be Ph positive was small, how-
clinical trials have reported significantly ever, their inclusion or exclusion has no material
better survival for patients treated witheffect on the overall result.

this biologic response modifier than forStatistical Analysis

patients Freated with standard chemo- Intention-to-treat analyses were used, with pa-
therapeutic agents, such as busulfan @ents compared on the basis of their randomly allo-
hydroxyurea(2-5). To assess reliably the cated treatment, regardless of whether it was actu-
size and persistence of any survival bena”y received. Logrank survival analyses for each
efit and to establish whether there is érial yielded, for the IFN«-allocated group, the ob-

icularly | b fit | . served number of deaths (O), the expected number
particularly large or small benetit in vari- of deaths (E), and the variance (V) of the difference

ous subgroups, a worldwide collaborativéyetween these values for each trial (O-E). These
overview of the randomized evidence hagrere then summed, one per trial, and used to calcu-
been conducted. This form of analysis halgte the death rate ratio [by the “one-step” approxi-

two advantages. it avoids selective OVerr_nation exp[(O-E)/V] to the hazard function ratio
’ 7,8). These death rate ratios are sometimes de-

empha5|s on the results of partlcular Stu_ Scribed in terms of percentage odds reductions: thus,

ies and, because large numbers are ifgr example, a ratio of 0.70 with standard deviation
volved, it reduces the effects of the playSD) 0.06 could be described as a reduction of 30%
of chance. The aim of this collaboration(SD = 6%j in the annual death rate. Al values

was to assess the difference in survival 0?uot&d are two-sided. For trials that involved 2:1 (or

tient h IFNa | d with :2) randomization, the logrank tests are calculated
patients when IS compared wi in the usual way(7), but, to balance the contribution

standard chemotherapy and to establisfbm each randomization between the two treatment
whether any such difference is greater imrms, the chemotherapy group counts twice (or half)
particular types of patient. just in the crude subtotals of deaths and patients.

Trials Included

Table 1 shows the 11 trials that were identified.

Randomized trials of CML treatment were soughtData were available for seven of them. The missing
that began before 1990 and compared I&Nvith
chemotherapy—that is, versus busulfan, versus hy- o
droxyurea or, in a three-way randomization, versus, Correspond.er.lce to(;:ML T”_a“StS _CoIIaborg-
both. (These three-way trials also provided directl)}“’(_e Group, Clinical Trial Service Unit, Radcliffe
randomized comparisons of busulfan versus hy[nf|rm%w, Ox’f’ord OX_2 GTE’ UK. .
droxyurea, since they involved randomization to See"Notes” following "References.
three treatment groups: IFX versus busulfan ver- © Oxford University Press

Materials and Methods
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Table 1. List of all relevant randomized trials that began before 1990: interferon alfad¢)RMrsus busulfan or hydroxyurea*

IFN « Ph-negative No. of Median years
Study Induction IFN o target Additional therapy Alternative Chemotherapy patients —————————— follow-up of
(reference No.) treatment dose WBC if necessary treatment  target WBC eligible Patients Deaths survivors

Trials that are available

Italian- IFN « 9 Mu/d HU or Bu if WBC HU <30 No 322 198 9
CML-86 (2) >30
German- 1FNo 5 MU/m?/d 2-4 nil Bu <20 Yes 603 329 3
CML-1 (3) HU 5-15
MRC-CML-3  Chemo- 3 MuU/d 2-5 HU or Bu if WBC Bu 4-20 or <30 Yes 590 331 4
(4) therapy >30 HU 4-20
Benelux(9) Chemo- 3 MU x 5/w <10 HU to keep WBC HU <10 No 197 72 4
therapy <10
Pessag10) IFN o 4 MU/m?/d nil HU 4-10 Yes 22 10 6
EORTC-06887 Chemo- 5 MuU/d <10 A-BMT if complete HU <15 Yes 78 20 2
therapy cytogenetic
response
Japan(5) IFN « 9 MU/d 5 nil Bu 5 No 170 60 4
Trials that are not available
Washing- IFN o 4 MU/m?d HU 18
ton (11)
Schering- IFN o 4 MU/m?d <15 HU 4-10 133
plough
MEX-INC- IFN « 5 MU/m?d <20 Bu <20 30
CML
Castilla- Chemo- 2 MU/d <10 HU to keep WBC HU 5-10 26
Leon (12) therapy <10

*HU = hydroxyurea, Bu= busulfan, A-BMT = autologous bone marrow transplant, MJ/th= mega-units of interferon/square meter/day, WBCwhite
blood cell count (in units of 1WL); note that in some trials Ph-negative patients were not eligible.

trials were small, however, so in total about 90% ofcally significantly different from the av-  For Ph-positive patients, analyses
the patients in these 11 trials have been included.erage, and a formal test for heterogeneitwithin Sokal stage(13), age, and sex
Cl\'/I”L_t;‘e(Sgt(':s_r(‘:'{\A"f_d?:)cat‘r'i;ezzzgiﬁscﬁggc'i'n%;? between the different trial results wasgroups did not reveal any heterogeneity
with busulfan or with hy dr’oxyurea (selected eitherIlke.vwse not st.at|st|cally significant. Somebetween the sizes of. the effects in any of
by randomization or, often, by physician choice) and?ati€nts received a bone marrow transthese subgroups (Fig. 3). The analyses
were randomized to receive IFN or to continue plant in chronic phase, but censoring aamong Ph-negative and Ph-unknown pa-
with the treatment that had been used for inductiortransplant makes no material difference ttients are shown separately in Fig. 3, but
This trial was therefore split into two, one part com-the results, giving an overall reductionthere were too few such patients for these
%Zr'lr‘gl\l'iN\f‘e:’:Jzuﬁyz;‘j;'Eg S”d the other compariy the annual death rate of 32% (SB  results to be informative.

The German CML-1 trial beéan asall random-7%)' The results in different time periods
ization between busulfan and hydroxyurea, with IFN ~ 1he overall reduction in the annualare given separately in Fig. 3. Throughout
a introduced as a third arm for most centers in 198&leath rate is 26% (SB= 8%; P = .001) the first 5 years, the annual death rate was
(initially in the ratio 1:1:1 and later in the ratio 1:1: jn the trials of IFN« against hydroxyurea, lower in those allocated IFNk than in
?n'a'lr;ztgés erﬁZ:léTfsaenLhﬁee F;:gjﬂ?::;ﬂi‘t‘g’ﬁf%?nd 36% (SD= 9%; P = .00007) in the those allocated chemotherapy, but after 5
Only the second and third parts contribute directly t rials of IFN « against busulfan. Although years it appears not to be. This does not,
the comparison of IFN« versus busulfan, of IFN. the comparison of IFNe versus busulfan however, suggest that the benefit accrued
versus hydroxyurea, or (by logrank analyses thayields a somewhat greater reduction, thiduring the first 5 years is then lost. It
avoid any double counting) of IFN versus chemo- result is not significantly different from merely suggests that, among those who do
therapy (either busulfan or hydroxyurea) (Fig. 1). the result yielded by the comparison ofurvive to 5 years (which will be a greater

IFN o versus hydroxyurea. Fig. 2 showsproportion of one group than of the other;

Results the cumulative effect on survival. MedianFig. 2), the subsequent prognosis is about
survival is prolonged by about 1 or 2the same in both groups. Thus, the crude
IFN a Versus Chemotherapy years and there is an improvement in thenortality during the first 5 years is 312 of

5-year survival rates from 42% with 864 for the IFN« patients versus 415 of
Fig. 1 shows the results among Phehemotherapy to 57% with IFNy, an 830 for the adjusted control group (i.e.,
positive patients for each separate trialabsolute difference of 15% (SB- 3%; 36% versus 50%, corresponding to an ab-
There is an overall reduction in the annualvith logrank P<.00001). The absolute solute difference of 14%, which is similar
death rate of 30% (SB= 6%), which is improvement in the 5-year survival rateto the absolute difference of 15% in the
highly statistically significant B<.00001). is 20% (SD = 5%) in the trials of 5-year survival in Fig. 2). The numbers
Confidence intervals for each of the trialSFN o versus busulfan and 12% (SB  still alive and being followed at the end of
overlap this average reduction, indicatingt%) in the trials of IFNx versus hydroxy- the first 5 years were 254 for the IFN
that no trial had a result that was statistiurea. patients versus 185 for the adjusted con-
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but the numbers randomized between
AR g S, Mol e el for st e e
Trial name Interferon  Control  (O-E) of O-E  (interferon : Control) small for such SUbgrOUp analyses to be
reliable.
Interferon v Hydroxyurea:
GERMAN-CML-| 421131 106/193 -25 176 Discussion
ITALIAN-CML-86 125/218 731104 -167 400 ——
MRC-CML-3-HU 62/141 74/136 -130 332 —a
BENELUX 37/100 35/97 06 180 For patients with Ph-positive CML,
PESSAC 210 6/9 -28 19 these seven randomized trials that com-
EORTC-06857 13/50 §20 00 35 pared IFN« (as the main drug) versus
B Subtotal (adj) 281/650 328/631 -34-3 1143 <> 26% (SD8) continued chemotherapy demonstrate a
(32%)  (52.0%) reduction highly statistically significant survival
Interferon v Busulphan: - benefit for the regimens that involved IFN
GERMAN-CML-{ 42/131 114/186 -75 19.0 a, with an absolute improvement in 5-
MRC-CML-3-BU 83/133 971130 -195 429 —— year survival of 15% (SD= 3%) from
JAPAN 26/81 4o 86 176 42% to 57%. This estimate may be some-
B Subtotal (adj) 153/345 202/331 -355 796 <> 36% (SDY) what reduced, due to the inclusion in
“a.3%)  (61.0%) peduction some trials of patients who were not in
Inteferon v Hydroxyurea or Busulphan: early chronic phase. The majority of pa-
H Total (adj) 392/864  470/830 -66.5 184.6 < 30% (SD6) tients with CML are over the_ gge_of 60
(45.4%) (56.6%) reduction years, and since repeated injections of
: : . ’ IFN « can involve considerable inconve-
00 05 10 15 20 nience, costs, and side effed®3,5), it
Interferon Control
better better would be useful to know whether there
Test for heterogeneily (7 trials): X% = 6-1; P = 0-4; NS Effect P < -00001 are some recognizable types of patient
who can expect little benefit. Unfortu-

Fig. 1. Ratios of annual death rates in the randomized ftrials of interferon alfa dfFMersus control na}tely, hpwever, this Canr,mt be deter-
(hydroxyurea or busulfan) in Philadelphia chromosome-positive chronic myeloid leukemia (CML): conWiLned rel'ably from these trials.

nation of evidence from different trials. Each trial result is represented by a square, with larger squares fék larger treatment effect in the Sokal
trials with more data and a horizontal line indicating the 99% confidence interval (Cl). Squares to thegedige 1 subgroup was reported in the
of th? solid Verl;tical line ilndiclate bt:etterI resuolltshwith IIBNIIbut iflthe Cl crosses tgi; Iige, the C:esulr: is nOtMrBC CML-3 trial (4), but this is not con-
significant at the® = .01 level. Subtotals and the overall result are represented by diamonds whose wi . .

show the 95% Cls, accompanied by the percentage odds reduction and its standard deviation (SD).F!\}lroF_t'gd In the _o_verV|eW._ There was no S_ta-
Where a trial had several parts, with separate randomization procedures, each part is analyzed separaféBfig@ily significant evidence of any dif-
the results of these analyses are added together. Where randomization was in a 2:1 (or 1:2) ratio, twit@r@t treatment effect in any particular
half) the numbers of deaths and patients in the chemotherapy arm are added into the adjusted (adj) tgi@ktoage, or risk group, although the pos-
balance the contribution from each study, but this adjustment does not affect the calculation of the 'Og.fﬂﬂﬁty that IEN « is more beneficial in
observed minus expected (O-E) or its variance. The German trial was in three parts in which the hydro Hﬁe roups than others cannot be ex-
urea:busulfan:IFN allocation ratios differed, being (i) 1:1:0 (with 71 deaths of 105 to allocated hydroxyurg 9 P .

and 72 deaths of 109 to allocated busulfan): (ii) 1:1:1 (with mortality 13 of 35:22 of 32:12 of 27, resgeddded. The number of patients random-
tively): and (jii) 1:1:2 (with mortality 22 of 53:20 of 45:30 of 104, respectively). Although there are 5i8ed who were not Ph positive was too
patients in parts i, ii, and iii, only the 296 patients in parts ii and iii provide directly randomized comparisgrgall to be informative. It is possible that
between IFNx and chemotherapy. (The logrank O—E and its variance fordRirsus chemotherapy were the size of benefit obtained with IFN

—0.8 and 9.3 in part ii and —6.3 and 17.9 in part iii.) varies according to the degree and time of

hematologic and cytogenetic response.
trol group. The crude death rate amongandomization in the MRC-CML-3 trial However, the information available from
them after the first 5 years was 80 of 2544) also provide some limited evidence orthese trials is not sufficient to investigate
for the IFN« patients versus 55 of 185 for hydroxyurea versus busulfan. In these twehis properly. If chemotherapy is to be
the adjusted control group (31% versugrials, hydroxyurea appeared to be the betssed, hydroxyurea appears better than bu-
30%), indicating no further difference.ter option. In comparison with allocationsulfan, but regimens that involve IFN
However, since 85% of the deaths thus falo busulfan, allocation to hydroxyurea retesult in statistically significantly better
reported in these trials occurred duringluced the proportional odds of death by-year survival than those involving ei-
the first 5 years, the evidence on wha24% (SD = 10%; P = .02), suggesting ther chemotherapeutic agent. There was
happens later is limited, as may be seean absolute improvement in the 5-yeano statistically significant heterogeneity
from the wide 99% confidence intervalsurvival rate of about 10% but with wide of treatment effect between these trials,
for the final black square in Fig. 3. confidence intervals. Again, analysesven though they used a variety of differ-
within Sokal stage, age, sex, and Ph statient treatment policies, but this does not
groups did not show any statistically sig-preclude the possibility that some policies
The three-way comparison in the Gernificant heterogeneity between the effectare better than others. In particular, it is
man CML-I trial (14) and the induction in different subgroups (data not shown)not yet clear what the dosage or duration

Hydroxyurea Versus Busulfan
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75,000 women. Early Breast Cancer Trialists’
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Female 156/353 201/363 -27-2 758 —— ties using interferon-alfa (IFN) and hydroxy-
urea in chronic myelogenous leukemia (CML).
Follow-up year 1 45/864 52/830 50 220 ECCO meeting abstracts 1991;6:5254.
Follow-up years 2-3  162/803 217/765 -33.5 864 - (12) Moro MJ, Gil S, Canizo C, Clemente J Fernan-
Follow-up years 4-5  105/526 146/463 -30-2 52.0 ——- dez, Guerras L, Fisac RM, et al. The treatment of
Follow-up years 6+ 80/254 55/185 2.2 24.2 chronic myelogenous leukemia with interferon
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4%} (56.6%) reduction .
. ) . ) (13) Sokal JE, Cox EB, Baccarani MI, Tura S,
00 05 10 15 20 G_omgz_ GA, prertson QE, et al. _Prognostic
Interferon Control discrimination in “good-risk” chronic granu-
better better locytic leukemia. Blood 1984;63:789-99.
Effect P < -00001 (14) Hehlmann R, He_lmpel H, Hasford J, Kolb_ HJ,
Pralle H, Hossfield DK, et al. Randomized

Fig. 3. Ratios of annual death rates in the randomized trials of interferon alfa dFMersus control

comparison of busulfan and hydroxyurea in
chronic myelogenous leukemia: prolongation

(hydroxyurea or busulfan) in chronic myeloid leukemia, subdivided by patient characteristics and years sinceof survival by hydroxyurea. The German CML

randomization. Ph= Philadelphia chromosome; SB standard deviation; and O—E logrank observed

Study Group. Blood 1993;82:398-407.

minus expected. No statistically significant heterogeneity of effect was found with respect to any of these

factors.

of IFN « should be or how best to com-
bine IFN o with chemotherapy.
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