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Background: An inverse relationship
has been reported between the pres-
ence of telomerase enzymatic activity
and the induction of differentiation in
human tumor cell lines. Male germ cell
tumors represent an attractive clinical
model to assess this relationship fur-
ther because high telomerase activity is
present in normal germ cell progeni-
tors and in embryonal carcinomas that
can differentiate into mature terato-
mas. To investigate how telomerase ac-
tivity and the differentiation state of
germ cell tumors are related, telomer-
ase activities and telomere lengths were
measured in benign testicular tissues,
germ cell cancers, and mature or im-
mature teratomas.Methods:By use of a
modified telomeric repeat amplifica-
tion protocol (TRAP) assay, telomerase
activity was measured in four speci-
mens of benign testicular tissue, in 27
germ cell cancers, in seven mature tera-
tomas, and in one immature teratoma.
Telomere lengths were measured in all
specimens by restriction digestion of
genomic DNA and Southern blot hy-
bridization analysis. Associations be-
tween telomerase activity and tissue
histopathology were assessed with two-
sided Fisher’s exact tests.Results:
Telomerase activity was detected in all
examined germ cell cancers and in the
benign testicular tissue specimens. In
marked contrast, telomerase activity
was not detected in any mature tera-
toma (P<.0001). Very long telomeres
were detected in some mature terato-
mas, consistent with telomerase repres-
sion as a late event in teratoma forma-
tion. The immature teratoma, with
malignant transformation, had high
telomerase activity.Conclusion:Telom-
erase is active in germ cell cancers and
repressed in mature teratomas. The ab-
sence of telomerase activity may con-
tribute to the limited proliferative ca-
pacity of mature teratomas. These
findings support the existence of an in-

verse relationship between telomerase
activity and the differentiation state of
clinical germ cell tumors. [J Natl Can-
cer Inst 1999;91:1321–6]

Telomerase is an enzyme that prevents
critical telomere shortening during cell di-
vision, allowing cells to bypass replica-
tive senescence(1–5).Escape from senes-
cence is required for tumorigenesis.
Telomerase activation is a frequent find-
ing in malignancy(6). An inverse rela-
tionship is reported between telomerase
activity and induced differentiation of tu-
mor cell lines, including germ cell tumor
lines (7–9).Following treatment with dif-
ferentiation-inducing agents, telomerase
activity is repressed in differentiation-
sensitive but not differentiation-resistant
human germ cell tumor cell lines(8). Re-
pression of telomerase activity may play a
role in regulating the differentiation state
of clinical tumors.

Germ cell tumors are unique in their
capacity to undergo extensive differentia-
tion, known as teratoma formation(10).
Unlike undifferentiated embryonal carci-
nomas from which teratomas derive, ma-
ture teratomas have limited proliferative
capacity, although malignant transforma-
tion can occur(11). This biologic feature
provides an opportunity to investigate in
the clinical setting how telomerase activ-
ity and tumor cell differentiation state
relate. Studies investigating telomerase
activity in male germ cell tumors are also
relevant because these tumors derive
from germ cell progenitors that constitu-
tively express telomerase to regulate their
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telomere lengths(2,3,6,12).These find-
ings are of added interest because late-
generation telomerase RNA null mice ex-
hibit defective spermatogenesis with
increased apoptosis and decreased prolif-
eration rates observed in the testes(13).
This suggests that regulation of telomer-
ase activity and perhaps telomere lengths
are required for the maturation of normal
or transformed germ cells.

Male germ cell tumors are broadly
classified as seminomas and nonsemino-
mas. These tumors exhibit diverse histo-
pathology, often with extensive somatic
differentiation (14). This study was un-
dertaken to contrast telomerase activities
and telomere lengths in male germ cell
cancers (seminomas, nonseminomas, and
mixed germ cell tumors) with those in
mature or immature teratomas to under-
stand the relationship between the telom-
erase activity and the differentiation state
of clinical germ cell tumors. A modified
telomeric repeat amplification protocol
(TRAP) assay(6,15,16) was used to
quantify telomerase activities.

MATERIALS AND METHODS

Tissue Bank

Forty-one tumor specimens were obtained from
35 patients having germ cell tumors, who underwent
potentially curative or diagnostic surgical resections.
Benign testicular tissues were obtained either from
patients who underwent orchiectomy for prostate
cancer or from patients who underwent orchiectomy
for germ cell cancer and had adjacent benign tes-
ticular tissue available for examination. Use of these
found tissue specimens was approved by the Insti-
tutional Review Board. Within 10 minutes of surgi-
cal resection, the specimens obtained were snap-
frozen in liquid nitrogen. Histopathologic analyses
confirmed that extensive lymphocytic infiltrates and
germinal centers or contaminating normal tissues
were not present.

Germ cell tumors often exhibit histopathologic
heterogeneity. To confirm the histopathologic diag-
nosis of the specimens used for telomerase and telo-
mere measurements, a portion of each frozen tissue
specimen was also sent for histopathologic analyses.
All tissue specimens were reviewed by a single ref-
erence pathologist (V. E. Reuter) to confirm the his-
topathology present and to exclude concurrent
pathologic processes. For those specimens used for
TRAP assays, terminal restriction fragment (TRF)
length and alkaline phosphatase measurements were
immediately adjacent to those processed for histo-
pathologic diagnoses. This permitted statistical cor-
relations to be made between telomerase activities,
telomere lengths, and the histopathology of the ex-
amined germ cell tumors. A portion of the same
specimen was available for protein extraction and
for isolation of genomic DNA used to assess TRF
lengths.

Protein Extraction

Frozen tissue specimens (50–100 mg) were ho-
mogenized in 100–200mL of ice-cold CHAPS (3-
[{3-cholamidopropyl}-dimethylammonio]-1-
propane-sulfonate) lysis buffer by use of disposable
pestles, incubated on ice for 30 minutes, and centri-
fuged at 12 000g for 30 minutes at 4 °C. The super-
natant was immediately collected, and the protein
concentration was measured by use of the BioRad
protein assay kit (Bio-Rad Laboratories, Richmond,
CA). Protein aliquots were stored at −80 °C as 1
mg/mL stocks, as previously described(6,8). The
isolated protein extracts were independently ana-
lyzed for alkaline phosphatase activities, as previ-
ously reported(16). This analysis was used to con-
firm that protein extracts used for TRAP assays were
of sufficient integrity to measure another enzymatic
activity susceptible to degradation in clinical tissues.
If alkaline phosphatase activities were not detected
in isolated protein extracts, then those extracts were
not used for subsequent TRAP analyses.

TRAP Assay

The telomerase TRAP assay was performed by
use of a modified polymerase chain reaction (PCR)-
based method, previously established(15,16).Two
micrograms of desired protein extracts was assayed
in reactions containing 50mL of the TRAP reaction
mixture. For each assay, a negative control and 0.1
amol of the quantitation standard oligonucleotide R8
were included. The results were quantitated as pre-
viously reported(16). Briefly, this assay incorpo-
rates an internal PCR control of a 36 base-pair (bp)
product (designated TSNT), running 14 bp below
the smallest size-fractionated, TRAP-derived spe-
cies. The amount of telomerase activity (total prod-
uct generated [TPG]) for each reaction was calcu-
lated by use of the formula:

TPG=
~T − B!/~CT!

~R8 − B!/~CR8!
× 100.

T 4 radioactive counts from telomerase bands from
the protein extracts,B 4 radioactive counts from a
negative control (background), R84 radioactive
counts from R8 (0.1 amol),CT4 radioactive counts
from the internal control TSNT (0.01 amol) of the
protein extract, and CR84 radioactive counts from
TSNT (0.01 amol) of the R8 (0.1 amol). One unit of
TPG was defined as 0.001 amol or 600 molecules of
telomerase substrate (TS) primer(15)extended by at
least three telomeric repeats by the telomerase ac-
tivity present in the examined extract and corre-
sponds approximately to the activity present within a
single immortal cell. Linearity of the assay was con-
firmed over at least three logs of the target protein
concentrations [(16); data not shown]. All of the
protein extracts were analyzed in at least two inde-
pendent TRAP assays. The average telomerase ac-
tivity (TPG) was calculated for every analyzed
specimen. Presence of a potential telomerase inhibi-
tor in telomerase-negative specimens was assayed
by TRAP experiments by use of a protein extract
from a mature teratoma mixed with protein extract
from a neuroblastoma cell line known to have telom-
erase activity without a telomerase inhibitor.

TRF Length Measurements

TRF length measurements were performed by use
of 10 mg of genomic DNA digested with the restric-

tion endonucleasesMspI andRsaI (Boehringer Mann-
heim GmbH, Mannheim, Germany) and electropho-
resis on a 0.5% agarose gel. Hybridizations with
telomere-specific (TTAGGG)3 radiolabeled oligo-
nucleotide probe were performed. Mean TRF
lengths were calculated, as previously reported(16–
18).

Statistical Analyses

When several assays were performed on the same
tissue specimen or several tissue specimens from the
same patient were analyzed, the average results from
these assays were used for statistical analyses. Mean
and standard deviation (SD) values for TPG and
TRF length measurements were assessed for each
histopathologic subtype. The association between
telomerase activity in mature teratoma compared
with that of germ cell cancers was examined by
Fisher’s exact test. Fisher’s exact test was calculated
by use of BMDP version 1.1 for Windows. AllP
values are two-sided. A two-sided Pearson’s corre-
lation test was used to analyze the correlation be-
tween telomerase activities and telomere lengths.
Differences between mean telomerase activity and
telomere lengths by histopathologic subtype were
analyzed by the one-way ANOVA (analysis of vari-
ance) test.

RESULTS

This study examined telomerase activ-
ity present in four benign testicular tissues
without histopathologic evidence of germ
cell tumors, 27 germ cell cancers, seven
mature teratomas, and one immature tera-
toma. The germ cell tumors were derived
from 35 patients. The clinical character-
istics, histopathologies, and pretreatment
markers are shown in Table 1. Telomere
lengths were measured by TRF Southern
blot hybridization analysis(16–18).Tis-
sue specimens were obtained from tes-
ticular primary tumors in 31 cases and
from retroperitoneal or pelvic sites in
four. The median age of the patients was
27 years (range, 18–45 years). Twenty-six
of the 35 patients had metastases at
diagnosis. Seven seminoma cases were
analyzed. The nonseminomatous germ
cell tumors were embryonal carcinoma (n
4 14), mature teratoma (n4 7), mixed
germ cell tumors (n4 5), immature tera-
toma (n 4 1), or a yolk sac tumor
(n 4 1).

Telomerase activity was readily de-
tected in the examined benign testicular
tissues without histopathologic evidence
of germ cell tumors. In these tissues, the
average telomerase activity was 489 TPG
(range, 248.5–846 TPG). In the examined
germ cell cancers, telomerase activity was
detected in each case in which the integ-
rity of the protein tissue extracts was con-
firmed by results of alkaline phosphatase
assays (Fig. 1; data not shown). For the

1322 REPORTS Journal of the National Cancer Institute, Vol. 91, No. 15, August 4, 1999



examined germ cell tumors, the average
telomerase activity was 222.08 ± 287.08
SD and the TPG range was 0–1007. These
telomerase activities exceeded those pre-
viously found by use of this TRAP assay
in other examined human malignancies
(16–18).These high telomerase activities
may reflect the finding that nontrans-
formed human fetal, newborn, and adult
testes constitutively express high telomer-
ase activities(6,12)and the corresponding

malignancies may have high basal telom-
erase levels. The distribution of telomer-
ase activities as related to germ cell tumor
histopathology is shown in Fig. 1. Table 2
compares telomerase activity and telo-
mere length as a function of histopathol-
ogy for the examined germ cell tumors.
There is no statistically significant differ-
ence observed among germ cell tumor
types in mean telomerase activities (P 4
.13) by one-way ANOVA statistical
analysis.

Analysis of telomerase activity in ma-
ture teratomas indicated that all ex-
amined mature teratomas had no detect-
able telomerase activity. An inhibitory
factor was not detected in these examined
protein extracts (data not shown). This
lack of telomerase activity was statisti-
cally significantly associated with mature
teratomas versus the examined germ cell
cancers (Fisher’s exact test;P<.0001).

The absence of telomerase activity in
teratomas was in marked contrast to the
high levels detected in the examined germ
cell cancers. Notably, a single immature
teratoma having malignant transformation
had high telomerase activity (data not
shown). This provides independent con-
firmation of a link between telomerase ac-
tivity present in teratomas and the malig-
nant potential of these tumors. Very long
telomeres were detected in some mature
teratomas (see Fig. 2), indicating that
telomerase repression can represent a late
event in teratoma formation. To confirm
that the telomerase activity measured in
seminomas was not due to an extensive

lymphoid infiltrate that may include ger-
minal centers the reference pathologist
(V. E. Reuter) reviewed the histopathol-
ogy of these cases. These dissected tu-
mors were not found to have extensive
lymphoid infiltrates or germinal centers
(data not shown).

Telomere lengths as assessed by TRF
analyses were examined in benign testicu-
lar tissues and germ cell tumors. The av-
erage mean TRF was 15 ± 5.92 kilobases
(kb), SD (range, 6.17–34.5 kb), as shown
in Fig. 2 and Table 2. Telomere length did
not correlate with telomerase activity
(two-sided Pearson’s correlation;P 4
.96). The distribution of TRF lengths
by histopathology is displayed in Fig. 2
and Table 2. Mean TRF lengths were
longer in mature teratomas (TRF 19.09 ±
9.41 kb, SD; range, 6.17–34.5 kb). The
mean TRF lengths for seminomas
were shorter than those for the mature
teratomas (TRF 10.71 ± 1.6 kb, SD;
range, 8.73–13.3 kb), but these telomere
lengths were not statistically significantly
different as assessed by germ cell tumor
type (P 4 .069; one-way ANOVA test).
However, long telomeres (mean TRF,
>20 kb) were detected in seven germ cell
tumors, four of which were mature tera-
tomas, two of which were embryonal
carcinomas, and one of which was a
mixed germ cell tumor containing imma-
ture teratoma. Telomerase activities were
not detected in these four mature terato-
mas. The mean telomerase activity was
high (523.1 TPG) in the other three ex-
amined germ cell tumors. Telomerase

Fig. 1.Measurement of telomerase activ-
ity in germ cell tumor specimens.A)
Representative polymerase chain reac-
tion (PCR)-based telomeric repeat ampli-
fication protocol (TRAP) assays. Two
micrograms of protein extracts was used
in the assays displayed inlanes 1–9,a
negative control (buffer without protein
extract,lane 10) and a quantitation stan-
dard (R8,lane 11) were used for each of
these TRAP assays. High telomerase ac-
tivities were frequent in the germ cell
cancer specimens, as indicated inlanes
1, 2, 5, 7,and8, while telomerase activ-
ity was not detected in the examined ma-
ture teratomas, as shown inlanes 3, 4, 6,
and9. B) The telomerase activities (total
product generated) from all of the exam-
ined germ cell tumors are shown in rela-
tion to the histopathologic subsets. The
term “other tumors” refers to one imma-
ture teratoma and one yolk sac tumor.
This study reveals that high telomerase
activity present in germ cell cancers is
not detected in mature teratomas. The standard deviations for each germ cell tumor subset are shown in Table 2.

Table 1.Patient characteristics

Characteristic No.

Patients 35

Male/female 35/0

Median age in y (range): 27 (18–45)

Primary site
Testis 31
Retroperitoneal/pelvis 4

Histopathology
Seminoma 7
Embryonal carcinoma 14
Yolk sac tumor 1
Mixed tumors 5
Mature teratoma 7
Immature teratoma 1

No. of metastatic sites
0 9
1 19
2 6
3 1

Elevated pretreatment markers*
AFP only 8
b-HCG only 2
AFP andb-HCG 7
Neither 18

*AFP 4 alpha-fetoprotein andb-HCG 4 b-hu-
man chorionic gonadotropin.
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activity is regulated during spermatogen-
esis and is undetectable in mature
spermatozoa(12,19).These observed dif-
ferences in telomere lengths within germ
cell tumors may reflect distinct stages of
spermatogenesis from which these tumors
derive.

DISCUSSION

Prior work revealed that induced dif-
ferentiation of maturation-sensitive but
not of maturation-resistant human tumor

cell lines represses telomerase activity
(7,8). This study extends thisin vitro
work by demonstrating that a similar re-
lationship exists for clinical germ cell tu-
mors. While telomerase activity was uni-
formly detected in germ cell cancers,
telomerase activation was undetectable in
the examined mature teratomas. This
finding indicates that repression of telom-
erase activity accompanies maturation of
these clinical tumors. A single immature
teratoma with malignant transformation
had telomerase activity. This observation

provides additional evidence for a tight
association between the differentiation
state of germ cell tumors and telomerase
activity. The high telomerase activity
measured in the examined seminomas
was not likely due to contaminating lym-
phoid cells with telomerase activity be-
cause these tumors did not have extensive
lymphoid infiltrates or germinal centers.
A study of human colon cancers(18) that
examined inflammatory bowel lesions
with extensive lymphoid infiltrates is re-
ported. A minority of colitis cases had
telomerase activity measured but at much
lower levels than in colon cancers. This
finding argues against contaminating
lymphoid cells being responsible for the
telomerase activity found in seminomas.

Some human tumors have no detect-
able telomerase activity(20). Several
mechanisms may contribute to this find-
ing. Telomerase reactivation may not be
required when tumor precursor cells have
long telomere lengths and transformation
results from few mutations. This is sug-
gested by the absence of telomerase ac-
tivity found in some retinoblastomas(21).
The absence of telomerase activity in
some advanced stage neuroblastomas(22)
may reflect tumor cell maturation. It is
this mechanism for telomerase repression
that is proposed as active in mature tera-
tomas. It is notable that long telomeres
were detected in some mature teratomas,
indicating that telomerase repression is
not an early step in teratoma formation.

Table 2.Telomerase activity and telomere length measurements in germ cell tumors in relation
to histopathology*

Tumor type
No. of

samples
Mean telomerase
activity,† range

Mean telomere
length,‡ range

Overall 35 222.08 (0–1007) 15 (6.17–34.5)
[SD ± 287.08] [SD ± 5.92]

Seminoma 7 239.18 (70.6–437) 10.71 (8.73–13.3)
[SD ± 174.66] [SD ± 1.60]

Embryonal carcinoma 14 322.35 (6.2–1007) 15.33 (8.47–28.63)
[SD ± 365.93] [SD ± 4.96]

Mixed tumors 5 227.53 (2.18–703) 15.1 (11.65–20.15)
[SD ± 299.28] [SD ± 3.09]

Yolk sac tumor 1 77 9

Mature teratoma 7 0 19.09 (6.17–34.5)
[SD ± 0] [SD ± 9.41]

Immature teratoma 1 371 17

*SD 4 standard deviation.
†Telomerase activity was assayed by the described telomeric repeat amplification protocol assay. Results

were quantitated as the total product generated.
‡Telomere lengths were measured by terminal restriction fragment DNA analyses (kilobase) by Southern

blot hybridization by use of a telomeric-specific probe.

Fig. 2. Telomere length measurements of human germ cell
tumors. A) Representative telomeric restriction fragment
(TRF) length analyses of genomic DNA of human germ cell
tumors are shown inlanes 1–9.Mean TRF lengths for germ
cell tumors were longer (average TRF, 15 kilobases [kb])
than those previously reported for other adult human tumors
(16,17).Telomere lengths did not correlate with telomerase
activity (P 4 .96; Pearson’s correlation test). In the dis-
played mature teratomas, TRF lengths were quite long in
two (>20 kb) but not in the other examined teratomas (lanes
6 and9). B) Mean TRF lengths for all of the examined germ
cell tumors are displayed in relation to histopathologic sub-
sets. The term “other tumors” refers to one immature tera-
toma and one yolk sac tumor. The mean telomere lengths
were somewhat longer in mature teratomas than in other
germ cell tumors, but the mean telomere lengths assessed by
germ cell tumor type were not significantly different (P 4

.069). Standard deviations for each germ cell tumor subset
are shown in Table 2.
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TRF lengths greater than or equal to 20 kb
were reported in sperm and fetal tissues
(2,3).Three germ cell tumors in this study
were found to have long telomeres and
high telomerase activity. In other exam-
ined germ cell tumors, short TRF lengths
(defined as TRF <10 kb) were measured
with detectable telomerase activity, as
shown in Table 2. However, the mean
TRF lengths in the different germ cell tu-
mor types were compared with a one-way
ANOVA analysis and were not found to
demonstrate a statistically significant dif-
ference (P 4 .069).

Telomerase repression might result
from tumor cells exiting the cell cycle. An
association is previously reported be-
tween telomerase activity and prolifera-
tion. Telomerase is repressed when tumor
cells achieve quiescence(23–26). In
quiescent hematopoietic progenitors,
basal telomerase activity is low but is
rapidly induced when cells enter the cell
cycle after exposure to hematopoietic
growth factors(25). Telomerase activity
is inducible in some cultured somatic
cells (26). A relationship between
telomerase activity and proliferation is
reported. In breast cancer, telomerase
activity is associated with S-phase frac-
tion in lymph node-positive cancers(27).
In primary lung cancers, expression
of the proliferation marker Ki-67 was as-
sociated with telomerase activity(16). In
germ cell tumors, expression of Ki-67 and
proliferating cell nuclear antigen were de-
tected in almost all of the examined germ
cell tumors, including mature teratomas
(28).

Telomerase activity is regulated
in spermatogenesis and in early em-
bryogenesis(12,19).Telomerase activity
is not detected in mature spermatozoa
and unfertilized eggs but is present in
blastocysts and many fetal tissues. This
developmental regulation of telomerase
may account for detection of different
telomerase activities or TRF lengths in
the subsets of germ cell tumors present
in Table 2. Male germ cell tumors
are among the most sensitive to chemo-
therapy, and advanced stage germ cell
tumors are often cured with cisplatin-
based chemotherapy(14). Perhaps che-
motherapy treatments will affect telomer-
ase activities in germ cell tumors. It is not
yet known whether chemotherapy treat-
ments alter telomerase activities in terato-
mas.

Alternative mechanisms may compen-
sate for the end-replication problem and

eliminate the need for telomerase activa-
tion in tumors. An alternative mechanism
for the lengthening of telomeres was
found in immortalized cell lines and in
subsets of tumor-derived lines(29).Some
mature teratomas in this study had long
telomeres. This is reminiscent of the long
telomeres detected when alternative
mechanisms for telomere lengthening are
present(29). However, telomere lengths
similar to or shorter than those found in
the benign testicular tissues (TRF length
14.3 kb; range, 12.52–14.4 kb) were ob-
served in other teratomas. Therefore, an
alternative mechanism is not likely to pro-
vide a consistent explanation for telomere
lengthening in these mature teratomas.
Other reasons for the absence of telomer-
ase activity in teratomas may exist. Al-
though an inhibitor of telomerase activity
was not found, telomerase activation may
precede repression after telomere length-
ening in teratomas. Telomerase activity in
teratomas may occur at levels below de-
tection by this TRAP assay. While these
or alternative telomere lengthening
mechanisms are not formally excluded,
the absence of telomerase activity in ma-
ture teratomas is hypothesized to result
from signaling of tumor cell differentia-
tion.

In summary, this study reports that
telomerase activity was detected in all of
the examined germ cell cancer specimens.
In marked contrast, telomerase activity
was not detected in the examined mature
teratomas. No telomerase inhibitory activ-
ity was detected in any of these teratomas,
and the integrity of the protein extracts
used in this study was confirmed. These
findings indicate that an inverse relation-
ship exists between telomerase activity
and the differentiation state of germ cell
tumors. Notably, an immature teratoma
exhibiting malignant transformation had
telomerase activity detected. Thus, telom-
erase activation is commonly found in
malignant germ cell tumors without ex-
tensive evidence of maturation. Absence
of telomerase activity is a consistent fea-
ture of mature teratomas. Since long telo-
meres were detected in some mature tera-
tomas, telomerase repression can be a late
event in teratoma formation. Taken to-
gether, this study offers evidence for a
direct link between telomerase activation
and differentiation state of clinical germ
cell tumors. Future work will determine
whether this absence of telomerase activ-
ity is a marker or cause of teratoma for-
mation.
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