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Telomerase activation is a common feature of most advanced human cancers and is postulated to restore
genomic stability to a level permissive for cell viability and tumor progression. Here, we used genetically
defined transformed mouse embryonic fibroblast (MEF) cultures derived from late generation mTerc−/−

Ink4a/Arf−/− mice to explore more directly how telomere-based crisis relates to the evolution of cancer cell
genomes and to tumor biology. An exhaustive serial analysis of cytogenetic profiles over extensive passage in
culture revealed that the emergence of chromosomal fusions (including dicentrics) coincided with onset of
deletions and complex nonreciprocal translocations (NRTs), whereas mTerc-transduced cultures maintained
intact chromosomes and stable genomes. Despite a high degree of telomere dysfunction and genomic
instability, transformed late passage mTerc−/− Ink4a/Arf−/− cultures retained the capacity to form
subcutaneous tumors in immunocompromised mice. However, even moderate levels of telomere dysfunction
completely abrogated the capacity of these cells to form lung metastases after tail-vein injection, whereas
mTerc reconstitution alone conferred robust metastatic activity in these cells. Finally, serial subcutaneous
tumor formation using late passage transformed mTerc−/− Ink4a/Arf−/− cultures revealed clear evidence of
telomerase-independent alternative lengthening of telomeres (ALT). Significantly, despite a marked increase in
telomere reserve, cells derived from the ALT+ subcutaneous tumors were unable to generate lung metastases,
indicating in vivo functional differences in these principal mechanisms of telomere maintenance. Together,
these results are consistent with the model that although telomere dysfunction provokes chromosomal
aberrations that initiate carcinogenesis, telomerase-mediated telomere maintenance enables such initiated
cells to efficiently achieve a fully malignant endpoint, including metastasis.
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Tumor formation represents the phenotypic endpoint of
a mutational process that endows cells with a critical
threshold of cancer-relevant genetic lesions. From a cy-
togenetic standpoint, epithelial neoplasms or carcino-
mas fall into one of two major classes—the first possess-
ing microsatellite instability with retention of grossly
normal karyotypes, and the second presenting with
markedly altered chromosomal counts and structure.
These two classes have been operationally defined as

“microsatellite instability neoplasias” and “chromo-
somal instability neoplasias” (MIN and CIN), respec-
tively (for review, see Lengauer et al. 1998). The molecu-
lar mechanism underlying MIN is clearly related to de-
fective DNA mismatch repair. The basis for CIN is less
well understood, although defects in mitotic checkpoint,
nonhomologous end-joining, and DNA replication, as
well as increased oxidative stress and telomere dysfunc-
tion, have emerged as prime candidates (Elledge 1996;
Bohr and Dianov 1999; Shen et al. 2000; O’Driscoll et al.
2001; O’Hagan et al. 2002). Because the vast majority of
human cancer genomes are of the CIN-type, significant
effort has been directed toward understanding the con-
tribution of these and other mechanisms to genomic in-
stability.
The link between telomere function and genome sta-
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bility first came to light in the work of McClintock
(1941), from which emerged the concept that telomeres
cap and maintain chromosome structural integrity.
Telomeres consist of G-rich simple-repeat sequences at
chromosomal termini and serve to protect natural DNA
ends from being recognized as double-stranded breaks
that would otherwise activate DNA damage checkpoint
responses or participate in recombination events (Black-
burn 2001). The synthesis and maintenance of telomeres
are mediated by telomerase, a specialized ribonucleopro-
tein complex that includes an RNA template (Terc) and
a reverse transcriptase catalytic subunit (TERT; for re-
view, see Greider 1996). In the absence of telomerase,
each round of DNA replication is accompanied by telo-
mere shortening owing to the failure of DNA polymerase
to synthesize fully the extreme terminus of the lagging
DNA strand.
In human cell-culture model systems, the biological

and genomic consequences of telomere shortening have
been well documented (Harley et al. 1990; Allsopp et al.
1992). Critical telomere attrition has been shown to
cause replicative senescence via activation of the p53
and pRB tumor suppressor pathways (Wright and Shay
1992). Correspondingly, inactivation of p53 and pRB by
antisense neutralization (Hara et al. 1991) or by viral
oncoproteins (Shay et al. 1991) can extend replicative
potential, driving further telomere erosion and culminat-
ing in a period of massive cell death and rampant chro-
mosomal instability termed crisis (Counter et al. 1992).
Virally transformed human cells escape crisis at ex-
tremely low frequencies (Shay et al. 1993), whereas those
expressing hTERT readily escape senescence and are im-
mortalized (Bodnar et al. 1998; Vaziri and Benchimol
1998). In addition, cells engineered to express SV40 small
and large T antigen, activated RAS, and hTERT are
readily transformed (Hahn et al. 1999a). Moreover, ∼80%
to 90% of human tumors possess telomerase activity,
whereas the remainder maintains telomeres via a recom-
bination-mediated process termed ALT (for alternative
lengthening of telomeres; Kim et al. 1994; Bryan et al.
1997; Shay and Bacchetti 1997). Together, these obser-
vations support the view that cellular crisis provides a
potent barrier to tumor development and, by extension,
that telomere maintenance is an essential aspect of full
malignant progression. That such telomere-related
events occur in the evolution of primary human tumors
has been inferred by (1) the shorter telomere lengths of
tumors relative to normal tissue (de Lange et al. 1990;
Hastie et al. 1990), (2) the presence of anaphase bridges
during early tumor development (de Lange 1995; Gissels-
son et al. 2000; Rudolph et al. 2000), and (3) the marked
increase in telomerase activity with malignant progres-
sion (Kim et al. 1994; Shay and Bacchetti 1997; Tang et
al. 1998; Yan et al. 1999).
The telomerase knockout mouse has provided insight

into the complex interactions between telomere dynam-
ics and tumor genesis and progression. In cancer-prone
Ink4a/Arf mutant or ApcMin mice and in a carcinogen-
induced skin cancer model, telomere dysfunction results
in a marked reduction in tumor incidence and prolonged

survival (Greenberg et al. 1999; Gonzalez-Suarez et al.
2000; Rudolph et al. 2000). In contrast, in a p53 mutant
setting (distinguished from Ink4a/Arf and ApcMin mod-
els by an attenuated DNA double-strand break check-
point response), the cellular and organismal response to
telomere dysfunction is reprogrammed into one of im-
proved cellular proliferation and survival, accelerated tu-
morigenesis, and marked shift in tumor spectrum to-
ward carcinomas (Chin et al. 1999; Artandi et al. 2000).
Extensive cytogenetic analysis of primary cells and tu-
mors derived from p53 mutant mice possessing short
dysfunctional telomeres has revealed an increased fre-
quency of chromosomal fusions (Chin et al. 1999), emer-
gence of marked aneuploidy and complex nonreciprocal
translocations (NRTs; Artandi et al. 2000), and regional
chromosomal amplifications and deletions (O’Hagan et
al. 2002). On the basis of these findings, we have pro-
posed that the classic breakage-fusion-bridge (BFB) pro-
cess (McClintock 1941) provides a mechanism that en-
ables would-be cancer cells to acquire the threshold of
genetic gains and losses favorable to clonal outgrowth
and tumor initiation and progression (for review, see Ma-
ser and DePinho 2002).
In this study, we make use of transformed mouse em-

bryonic fibroblast (MEF) cultures derived from late gen-
eration mTerc−/− Ink4a/Arf−/− mice to explore how telo-
mere-based crisis relates to the evolution of cancer cell
genomes and to tumor biology. The use of Ink4a/Arf
mutant cells is particularly germane to this study owing
to retention of a robust p53-dependent DNA damage re-
sponse (Kamijo et al. 1998; Frank et al. 2000). With this
model system, we sought to determine how progressive
telomere attrition correlates with the formation of spe-
cific types of chromosomal aberrations and how these
cytogenetic abnormalities impact on the biological be-
havior of these transformed cells in vitro and in vivo.

Results

Severe telomere attrition and dysfunction suppresses
the in vitro growth of transformed mouse cells

Early-passage MEF cultures derived from two fifth-
generation (G5) mTerc−/− Ink4a/Arf−/− E13.5 embryos
showed a low number of Robertsonian-type p–p arm
chromosomal fusions—a sine qua non of early telomere
dysfunction—by spectral karyotype (SKY) analysis
(Blasco et al. 1997; Greenberg et al. 1999; Niida et al.
2000; data not shown). These cultures were cotrans-
fected with c-MYC and H-RASG12V along with either
empty vector (V lines) or mTerc (T lines) to produce
transformed foci. Multiple foci were subcloned and ex-
panded to generate the independently derived V and T
MYC/RAS G5 mTerc−/− Ink4a/Arf−/− transformed lines
used in this study.
For the T lines, reconstitution of telomerase activity

and maintenance of telomere length was confirmed at
various intervals across >300 passages in cell culture
(Fig. 1A; Supplemental Fig. 1A). In contrast, telomerase
activity was undetectable in V lines, and mean terminal
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restriction fragment (TRF) length of all V lines declined
from ∼55 to 23 kb over an equivalent passage in cell
culture (Fig. 1A; Supplemental Fig. 1A). Correspond-
ingly, telomere PNA-FISH (peptide nucleic acid-fluores-
cence in situ hybridization) analysis of T lines showed
retention of robust signal at chromosomal termini over
300 passages, whereas V lines showed a steady passage-
dependent increase in signal-free ends (Supplemental
Fig. 1B). These baseline studies verify functional recon-
stitution of telomerase in the T lines and progressive
telomere erosion in the V lines over many cell divisions
in culture.
Telomere-based crisis has been shown to impair the

long-term growth and survival of primary and oncogene-
transduced human cells (Counter et al. 1992; Hahn et al.
1999b; Zhang et al. 1999), as well as mouse mTerc−/−

embryonic stem cells and primary MEFs (Niida et al.
1998; Chin et al. 1999) and murine fibroblasts expressing
hTERT (Boklan et al. 2002). To determine the impact of
telomere shortening on transformed mouse cells, growth
properties of V and T lines were monitored as a function
of long-term passage in culture. Over the first ∼120 pas-
sages, all V and T lines grew at similar rates (Fig. 1B). T
line growth rates at later passages were unabated (Fig.
1B). In contrast, commencing at passage 125, the growth
rate of V lines slowed and remained retarded through

passage 300. We surmise a telomere-based mechanism
underlies the V line growth defect, as evidenced by res-
toration of robust growth after mTerc transduction into
two independent late passage V cell lines (Fig. 1C). To-
gether, these data support the prevailing view that telo-
mere maintenance enables long-term cellular growth
and survival.

Evolving cytogenetic profiles of T and V cell lines
on serial passage and tumor formation

We attempted to correlate telomere status and cytoge-
netic profiles as a function of passage in culture. Exami-
nation of three T lines by 4�,6-Diamidino-2-phenylindole
(DAPI) staining showed a low number of chromosomal
fusions, fragments, and breaks detected from early to late
passages, and a complete absence of dicentric chromo-
somes even at late passages (Fig. 2A,B; data not shown).
SKY analysis revealed that the vast majority of fusions
were sister chromatid p–p arm fusions involving chro-
mosomes 8 and 12, with only one NRT involving
chromosomes 10 and 5 (Fig. 2D; Table 1; Supplemental
Fig. 1E).
In sharp contrast, all three V lines showed a steady

increase in chromosomal aberrations as a function of
passage, corresponding well with the increase in signal-

Figure 1. Telomerase activity and telo-
mere dynamics in T and V transformed
MEF lines. (A) Telomere restriction frag-
ment length analysis of indicated T and V
cell lines from passage 6 to 300. Note the
gradual decline of telomere length in V
cell but not in T cell lines as a function of
passage. Human IMR 90 cell line and
mTerc+/− MEF cell line were included as
telomere length standards. Approximate
molecular weight standards are shown. (B)
Growth of T and V cell lines after serial
passage via the 3T3 protocol. (C) Telomer-
ase reconstitution rescues the growth de-
fects of V cell lines.
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free ends (Fig. 2B; Supplemental Fig. 1B). Chromosomal
fusions represented the most common aberration at late

passages (Fig. 2A,B). Telomere repeat signals were not
detected at the sites of fusion, in agreement with previ-

Figure 2. Evolving cytogenetic profiles of T and V cell lines on serial passage. (A) Inverse DAPI (top) and SKY (bottom) analysis of T1
and V1 cell lines at the indicated passages. Note the number of chromosomal translocations in V1 P300 metaphases as revealed by
SKY. Arrows indicate p–p arm chromosomal fusions. fr, chromosomal fragments; dc, dicentric chromosome; N, number of chromo-
somes per metaphase. (B) Quantitation of the indicated chromosomal aberrations of three T cell and three V cell lines. (C) Quantitation
of nonreciprocal translocations (NRTs) found in metaphases prepared from V1, V2, T1, and T2 cell lines, as well as derivative SCID
tumors of the indicated passages. (D) Representative karyotype of late passage T, V, and derivative SCID tumor cell lines of the
indicated passages. Chromosomes are presented as composite inverse DAPI (with dark staining centromeric region), spectral image
and, in most cases, computer-classified images. Identities of the translocated chromosome segments are indicated on the right.
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ous studies showing that such fusions are a likely by-
product of significant telomere erosion (Fig. 4D,E, below;
Supplemental Fig. 1B; Blasco et al. 1997; Hande et al.
1999; Hemann et al. 2001). SKY analysis showed that the
majority of aberrations in early passage V lines consisted
of sister chromatid p–p arm fusions involving chromo-
somes 8 and 12 (Table 1), similar to those observed in the
T lines and consistent with their presence in the parental
cultures. In contrast, increased dicentric chromosome
formation beginning at passage 90–125 coincided with a
striking 116-fold increase in the number of NRTs ob-
served in late passage metaphases (Fig. 2C). By passage
300, a very complex cytogenetic picture was evident,
consisting of whole-arm translocations, chromosomal
insertions, and other complex structural rearrangements
often involving four or five different chromosomes (Fig.
2D; Supplemental Fig. 1E). The vast majority of the ob-
served NRTs were not clonal, raising the possibility that
these aberrations were the product of a high rate of on-
going dicentric chromosome formation and BFB cycles
and a lack of strong selective pressure to maintain spe-
cific chromosomal aberrations in the population.
The nonclonal nature of these chromosomal aberra-

tions in cell culture prompted us to speculate that there
exists insufficient biological pressure in vitro to effi-
ciently drive clonal selection of protumorigenic chromo-
somal aberrations. To address this possibility, T and V
lines at passages 18–21, 110, and 300 were used to gen-
erate subcutaneous sarcomas in severe combined immu-
nodeficient (SCID) mice for subsequent conventional
and SKY cytogenetic analyses. At all passages, T line-
derived tumor metaphases were near-tetraploid and con-
tained a low number of nonclonal NRTs per metaphase
(Fig. 2C; Table 1). Conversely, in V line-derived sarco-
mas, increasing passage resulted in a high level of geno-
mic instability in the form of chromosomal fragments
and complex structural arrangements, including NRTs
involving chromosome 7, which were not detected in
any tumors derived from late passage T lines (Supple-
mental Fig. 1E; Table 1). Analysis of these tumors by
array CGH revealed an amplification at the FGF3/4 locus
on chromosome 7 (data not shown), consistent with the
model in which increased telomere dysfunction results
in random double-strand DNA breakage and subsequent
amplification of loci governing tumor initiation and pro-
gression (O’Hagan et al. 2002; Zhu et al. 2002). It is in-

Table 1. Chromosomal aberrations in T and V metaphase spreads analyzed by SKY

Sample

SKY analysis

Lines
Metaphases
examined

Average no.
chromosomes

Total
aberrations
per metaphase

Total
fusions per
metaphase

Rb-like
fusions

(recurrent) per
metaphase

Nonrecurrent
NRTs per
metaphase

Recurrent
NRTs per
metaphase

Dicentrics
per metaphase

T p18-21 3 30 78.1 0.1 0.4 0.4 T(8;8) 0 0 0
T p95-116 3 25 77.6 1.8 1.8 1.8 T(8;8),

(12;12)
0 0 0

T p300 3 26 74.6 4.1 2.9 1.8 T(8;8),
(12;12)

1.1 T(10;5) 0 0

SCID T
p95-110

2 21 77.2 4.9 4.7 2.3 T(4;4),
(8;8), (12;12)

2.4 T(4;12) 0 0

SCID T
p300

2 15 76.8 5.3 3.3 2.5 T(8;8),
(12;12)

1.8 T(11;12) 0 0

SCID T-2
p300

3 28 76.3 5.6 4.3 2.1 T(8;8),
(12;12),
(16;16)

2.2 T(11;17);
(13;6)

0 0

V p18-20 3 33 61.4 0.9 0.8 0.12 0.1 0 0.2
0

V p98-110 3 45 59.8 14.4 4.8 2.8 T(2;2);
(8;8), (13;13)

9.6 T(2;18),
(5;2), (13;17),
(2;10)

0 1.5 T(11;18;2)

V p300 3 36 36 30.4 15.7 7.2 T(2;2),
(5;5), (6;6),
(8;8), (13;13),
(16;16)

23.2 multiple,
complex,
involving
many
chromosomes

0 3.4 T(2;10),
(19;2;2)

SCID V
p18-21

2 8 63.2 4.1 3.8 T(8;8) (12;12) 1.8 0 0.8

SCID V
p98-110

3 24 59.7 15.7 9.3 4.8 T(1;1);
(8;8), (10;10),
(12;12)

7.9 T(7;9),
T(2;10),
T(2;13), T(1;7)

2 T(7;11),
T(2;13), (3/4
tumors)

2.8 T(5;10;8)

SCID V
p300

2 18 37.3 22.5 15.8 5.1 T(1;1),
(8;8), (12;12)

16.3 T(12;9;10),
T(14;2;12;14)
(14;8;8;14)

3 T(12;7),
(7;15;8)
(7;15;1), (5/5
tumors)

3.1 T(8;7;5)

SCID-2 V
p300

4 38 35.5 19.7 16.6 5.3 T(2;2),
(8;8), (12;12)

16.7 T(2;17;7),
(8;11;11;8)

2 T(12;7;1),
(8;7;8)

4.9 T(11;17;3),
(8;11;11;8)

Recurrent NRTs are defined as NRTs found in at least three separate metaphases for any given tumor.
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teresting to note that pretumor genomes possessed an
overall higher level of chromosomal instability than did
the posttumor genomes, although these NRTs were non-
clonal (Fig. 2C). Together, these data are consistent with
the view that progressive telomere dysfunction can ini-
tiate random levels of regional structural and numerical
chromosomal aberrations across a cell population that is
then subject to selective forces that drive the clonal ex-
pansion of specific aberrations needed for tumorigenic
growth.

Telomerase reconstitution endows V lines
with metastatic potential

Current human and mouse data are consistent with the
hypothesis that telomerase activation plays a role in
later stages of tumor progression. To provide experimen-
tal support for this hypothesis, we compared both sub-
cutaneous tumor growth and metastatic potential
(Stackpole 1981) of early-, mid-, and late-passage T and
V lines. In these assays, T lines of all passages (21–23,
125, 306) were robust in their capacity to form subcuta-
neous tumors and aggressive lung tumor nodules via tail
vein injection (0.5–1 mm in size by 1.5 wk after injec-
tion; data not shown). By 5 wk after injection, all of these
mice were clinically compromised with lesions that re-
placed 20%–80% of the lung volume and exhibited high-
grade malignant histopathological features (Fig. 3A;
Table 2). In contrast, passage 18–20 V cell lines seeded
the lungs, but the lesions were small (50–150 µm in di-
ameter), numerous (22–63 lesions per mouse), and well-
circumscribed—occupying only 5%–20% of lung vol-
ume and producing a more benign clinical course (all
mice remained healthy at 12 wk after injection; Fig. 3A).
All three mid- and late-passage V cell lines showed poor
metastatic potential. Although most injected V cell lines
seeded the lung parenchyma and were visible as micro-
scopic tumor nodules as early as 1.5 wk after injection
(Fig. 3B; Table 2); out of 24 tail-vein injections, only a
single well-circumscribed macroscopic lesion measuring
300 µm in diameter emerged 7 wk after injection (Table
2; data not shown). Remarkably, all poorly metastatic V
cell lines readily formed subcutaneous tumors after in-
jection into the flanks of SCID mice, although these tu-
mors were consistently smaller than passage-matched T
tumors (Supplemental Fig. 2B). Western blot analysis re-
vealed that early-, mid-, and late-passage V lines, as well
as their derivative SCID tumor cell lines, continued to
express MYC and H-RASG12V proteins (Supplemental
Fig. 2C), indicating that failure to express these oncopro-
teins was not responsible for the inability of early- and
mid-passage V lines to generate lung lesions.
Although multiple independently derived cell lines

were used in all assays of this study, loss of metastatic
potential could relate to genetic events, other than pro-
gressive telomere dysfunction, that accumulated during
prolonged passage in culture. We therefore assessed the
impact of mTerc reconstitution on passage 18–20, 98–
110, and 305–310 V cell lines. Transduction of mTerc,
but not an empty vector, restored telomerase activity

(Supplemental Fig. 2A), reduced the number of signal-
free ends (data not shown), and conferred enhanced
growth potential in low-density seeding assays to V cell
lines at all three passages (Supplemental Fig. 1C,D; data
not shown). In the metastasis assay, three of three inde-
pendently derived mTerc-reconstituted early passage;
three of three mid-passage and two of two late-passage V
cell lines injected into a total of 41 mice seeded the lungs
at very high efficiencies, obliterating 25%–90% of the
normal lung parenchyma as early as 1.5 wk after injec-
tion (Fig. 3B; data not shown). These aggressive mTerc-
reconstituted tumors resulted in death by 3 wk. In con-
trast, mice injected with empty vector-reconstituted
early-, mid-, and late-passage V cell lines remained free
of macroscopic metastatic lung lesions 12 wk after in-
jection, although on examination of multiple serial par-
affin sections, two or three microscopic tumor nodules
were often detected within the lung parenchyma (Fig. 3B;
data not shown). These results indicate that although V
cell lines were able to seed the lungs in the tail-vein
metastasis assay, they were unable to proliferate after
seeding. Together, these data strongly support the hy-
pothesis that telomerase plays an important role in fa-
cilitating advanced stages of tumor development and
growth.

Telomerase-independent telomere lengthening in V
line-derived tumors and its lack of biological
equivalence to telomerase

The capacity of late-passage V cell lines to form subcu-
taneous sarcomas suggested either sufficient telomere
reserve for tumorigenesis or activation of ALT. To moni-
tor the capacity for ALT activation, these sarcomas were
used to generate additional serial tumors in SCID mice.
After a second round of subcutaneous SCID tumor for-
mation, resulting sarcomas were extremely aggressive
and grew to 2 cm in size as early as 1 wk after injection
(Table 2). These sarcoma cell lines (referred to as SCID-2
V or T cell lines) displayed rapid growth in culture, with
a population doubling time of ∼12 h compared with a
population doubling of ∼29 h in the parental lines (data
not shown). The wild-type status of p53 in these tumor
cell lines was confirmed by the rapid induction of p53
and p21 levels after � irradiation (data not shown). TRF
Southern analysis showed dramatic telomere lengthen-
ing and heterogeneity (ranging in length from 15 to >100
kb) in five independently derived SCID-2 V cell tumor
lines compared with the parental cell lines, a pattern
characteristic of human ALT cell lines (Fig. 4A; Lansdorp
et al. 1997; Yeager et al. 1999; data not shown). Tumors
derived from three telomerase-positive SCID-2 T cell
lines do not show this TRF length heterogeneity (Fig. 4A;
data not shown). Correspondingly, PNA-FISH revealed a
wide range of telomere signal intensity in every meta-
phase of all five SCID-2 tumor V cell lines (Fig. 4B; data
not shown). Of note, a significant number of signal free
ends were still detected, although there were many ter-
mini with robust telomeric signal (Fig. 4, cf. B and D).
These features are consistent with telomere length het-
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erogeneity and were not observed in parental passage 300
V cell lines (Fig. 4D) or in any of the SCID-2 T cell lines
(data not shown).
All human ALT cell lines, but no telomerase-positive

cell lines, are characterized by the presence of ALT-as-
sociated promyelocytic leukemia bodies (APBs) contain-
ing the PML protein, low-molecular-weight telomeric
DNA, and telomere associated proteins, including TRF1

(Yeager et al. 1999; Perrem et al. 2001). Immunofluores-
cence analysis revealed that in a subpopulation (∼10%) of
interphase cells, TRF1 colocalized with PML in brightly
staining nuclear structures resembling APBs in all five
SCID-2 tumor V cell lines exhibiting telomere length
heterogeneity (Fig. 4F; data not shown). These structures
were not observed in passage 300 parental V cell lines or
in the SCID-2 T cell lines (Fig. 4G; data not shown),

Figure 3. Telomerase expression confers
metastatic potential. (A) 5 × 105 tumor
cells from early-, mid-, and late-passage V
and T cell lines were injected into the tail
vein of SCID mice. Mice were killed after
4 wk, and their lungs were examined for
tumor seeding, both grossly and by 10-µm
serial sections with H&E staining. All
photographs were taken at 5× magnifica-
tion unless otherwise indicated. Injection
of early passage V2 tumor cells resulted in
multiple tumor nodules scattered
throughout the lung parenchyma. Inset are
40× magnification views of a tumor nod-
ule within the lung. Injection of mid- and
late-passage V2 cells did not result in tu-
mor seeding within the lungs. Injection of
T1 tumor cells at all passages resulted in
tumors obliterating ∼40% to 80% of lungs.
Insets show 40× magnification views of
the tumor cells. The tumors were poorly
differentiated, with large pleomorphic nu-
clei and multiple nucleoli. Tumors (t) of-
ten surrounded and compressed bronchi-
oles (br) and contained regions of central
necrosis (cn). Bars, 15 mm for gross photos,
100 µm for insets. (B) Tail-vein injections
of mTerc-reconstituted late-passage V cell
lines resulted in massive tumors that
obliterated >90% of normal lung tissue.
Tumor nodules were apparent as early as
1.5 wk after injection. P20 V cell line re-
constituted with telomerase activity and
injected intravenously into SCID mice
yielded numerous lung tumors after 3 wk.
Late-passage V lines reconstituted with
vector-alone control did not form tumors
12 wk after injection, although micro-
scopic lesions were observed within the
lungs of most injected mice as early as 1.5
wk after injection. Bars, 15 mm for whole
mounts, 50 µ for 20× photomicrographs.

Chang et al.

94 GENES & DEVELOPMENT



consistent with previous analyses of ALT human cells
(Lansdorp et al. 1996). Enrichment of the G2 phase of the
cell cycle by double thymidine block followed by
Hoechst 33342 treatment led to a threefold increase in
the number of APBs observed in three of three SCID-2 V
cell lines examined (Fig. 4H), consistent with the obser-
vation that APBs are predominantly found in the G2
phase (Grobelny et al., 2000; Wu et al., 2000). Taken
together, these data indicate that extensively passaged V
cell lines can activate ALT under the biological pressure
of tumorigenesis in vivo, and that the ALT pathway en-
hances in vitro growth and subcutaneous tumor poten-
tial.
The consistent presence of telomere maintenance

mechanism in advanced human cancers has supported
the assumption that the major factor in the promotion of
full malignant transformation is adequate telomere re-
serves, and that the particular telomere maintenance
mechanism used was less relevant. We therefore tested
ALT+ cell lines for metastatic activity and established
that despite robust subcutaneous tumor growth, five of
five independently derived ALT+ SCID-2 V lines failed to
yield macroscopic lung tumors up to 7 wk after tail-vein
injection, although small microscopic metastatic nod-
ules were detected in lungs as early as 1.5 wk after in-
jection (Fig. 4I; Table 2). In contrast, all 5 ALT+ cell lines
reconstituted with telomerase activity formed macro-
scopic tumor nodules 1.5 wk after injection, and these
lesions evolved into massive tumors that completely

filled the lung parenchyma and led to the demise of in-
jected animals by 5 wk (Fig. 4I). We conclude that ALT-
mediated telomere maintenance is not functionally
equivalent to telomerase-mediated telomere mainte-
nance in facilitating tumor progression, particularly me-
tastasis.

Discussion

In this study, we show that extended in vitro passage of
transformed mTerc−/− Ink4a/Arf−/− mouse cell lines cul-
minates in a state of severe telomere shortening, cyto-
genetic aberrations, and growth defects remarkably simi-
lar to crisis (or M2) in human cells (Counter et al. 1992).
By conducting an exhaustive serial analysis of these cul-
tures, it was possible to establish a very tight correlation
between the appearance of unstable dicentric chromo-
somes (as opposed to p–p arm Robertsonian fusions), the
emergence of NRTs, a proliferative growth defect in
vitro, and loss of metastatic potential in vivo. The defect
in transformed cellular growth in the setting of progres-
sive telomere dysfunction is similar to previous obser-
vations on extensive passage of untransformed late gen-
eration mTerc−/− cultures (Greenberg et al. 1999; Niida
et al. 2000; Espejel and Blasco 2002). Our studies extend
these observations by establishing a temporal correlation
between the formation of dicentrics and nonreciprocal
translocations and the altered biological properties of
these transformed cells.

Table 2. Summary of SCID mice T and V tumor cell line injection experiments

Cell lines

Metastatic assay Sc. injections

No. of lines
injected

No. mice
injected

Macroscopic tumors
>20% lungs

Microscopic tumors
50–250 µ dia.

Time of death
after injection

Time to form tumors
to 2 cm size

V p18-20 2 8 5/8 2/8 >12 wk 5–6 wk
V p98-110 3 12 1/12* 5/12 >12 wk 5–6 wk
V p300 3 12 0/12 7/12 >12 wk 5–7 wk
V p18-20 + mTERC 3 12 8/12 n.a. 1.5–3 wk 4–6 wk
V p98-110 + mTERC 3 21 17/21 2/21 1.5–3 wk 4–6 wk
V p305-310 + mTERC 2 8 8/12 1/12 1.5–3 wk 4–6 wk
V p18-21 + vector 2 4 0/4 3/4 >12 wk 5–7 wk
V p98-110 + vector 3 8 0/8 3/8 >12 wk 5–7 wk
V p305-310 + vector 3 9 0/9 2/9 >12 wk 6–8 wk
SCID V p6 1 4 0/4 2/4 >12 wk 6–12 wk
SCID V p108-110 2 9 0/9 5/9 >12 wk 7–11 wk
SCID-1 V p300 2 12 0/12 6/12 >12 wk 4–8 wk
SCID-2 V p300 5 15 0/15 8/15 sac at 7 wk 1–2 wk
SCID-2V p300 +
mTERC 5 15 15/15 n.a. 5 wk n.d.

T p21-25 3 7 6/7 0/7 5–6 wk 4.5 wk
T p125 1 4 4/4 n.a. 4–5 wk 4–4.5 wk
T p300 3 12 10/12 2/12 4–5 wk 4–5 wk
SCID T p23 1 6 6/6 n.a. 4–5 wk 4–5 wk
SCID T p125 1 7 2/7 2/7 5–6 wk 5–6 wk
SCID-1 T p300 2 8 6/8 1/8 4–5 wk 4–5 wk
SCID-2 T p300 3 12 8/12 2/12 4–5 wk 4–5 wk
G0 mTERC+/− 2 4 4/4 n.a. 3–4 wk 4–6 wk
G2 mTERC−/− 2 4 4/4 n.a. 3–4 wk 4–6 wk

*This lesion was 300 µ in diameter.
n.d. indicates not done; n.a. indicates not applicable (macroscopic tumors obliterated lung field).
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Figure 4. Telomerase-independent telo-
mere lengthening in SCID V tumors. (A)
TRF Southern analysis of SCID tumors de-
rived from p300 V cell lines show progres-
sive telomere lengthening. Passage 300 V
cell lines injected into SCID mice yielded
SCID-1 V P300 sarcomas. Cell lines gener-
ated from this tumor were reinjected into
SCID mice to generate SCID-2 V P300 sar-
comas. Note the heterogenous telomere
length of SCID-2 V P300 cells. (B) PNA-
FISH analysis of metaphase generated
from SCID-2 V P300 tumor. Note the
number of chromosomal ends possessing
long telomeres. (C) SKY was performed on
the same metaphases shown in B. Telo-
mere signals do not localize to sites of
chromosomal fusion. (D) PNA-FISH analy-
sis of a passage 300 parental V cell line. (E)
SKY analysis of the same metaphase
shown in D. (F) Immunofluorescence
analysis of ALT-positive cells. SCID-2 V
p300 cell lines were stained with the indi-
cated antibodies to reveal colocalization of
TRF1 and PML in ALT foci. (G) ALT foci
were not detected within nuclei of paren-
tal passage 300 V cell lines. Note that
TRF1 stains in a speckled pattern charac-
teristic of telomere localization. (H) ALT
foci are enriched approximately threefold
in the G2 phase of the cell cycle after
double-thymidine block and treatment of
SCID-2 ALT V cell lines with Hoechst
33342, which specifically arrests cells in
G2. Non-ALT SCID-2 T cell lines do not
enrich for ALT foci after synchronization
and Hoechst treatment. (I) SCID-2 ALT V
cell lines seed the lungs as microscopic
metastatic nodules (mn) as early as 1.5 wk
after injection but do not grow substan-
tially larger. In contrast, SCID-2 ALT V
cell lines reconstituted with telomerase
efficiently formed macroscopic metastatic
lesions that obliterated normal lung paren-
chyma after 5 wk. br, bronchiole. Bars: 50µ
for 20× photomicrographs, 1.5 mm for 2.5×
photomicrograph.

Chang et al.

96 GENES & DEVELOPMENT



Previous work has shown that severe telomere dys-
function can engender a level of chromosomal instability
that can promote tumorigenesis, particularly in circum-
stances of p53 deficiency. The data of this study show
that telomere maintenance, specifically by telomerase
reactivation, is required for these “initiated” cancer cells
to achieve their full malignant potential, including me-
tastasis. The molecular changes necessary for the acqui-
sition of an invasive andmetastatic phenotype are highly
complex and involve a series of diverse cellular processes
that must be completed in order to establish secondary
tumor foci at distant organs (for review, see Hanahan and
Weinberg 2000). One such process appears to be telo-
merase expression, because human tumor cells with
metastatic potential often express high levels of telom-
erase (Chadeneau et al. 1995; Saito et al. 1997; Tang et al.
1998; Balcom et al. 2001), a pattern of expression consis-
tent with its role during tumor progression (Counter et
al. 1994). Although all V lines possessed subcutaneous
tumorigenic potential and were able to transit through
the bloodstream, seed the lungs, and form microscopic
tumors in an in vivo metastatic assay, mid- and late-
passage V lines with moderate to severe telomere dys-
function were incapable of generating macroscopic le-
sions within the lung parenchyma. Functional reconsti-
tution of telomerase activity via ectopic expression of
mTerc rendered these V lines competent to form large
metastatic lesions, which ultimately compromised the
host animal. The observation that all mTerc-reconsti-
tuted V cell lines formed aggressive metastatic lesions in
the lungs as early as 1.5 wk after intravenous injection
favors the view that repair of dysfunctional telomeres,
and not the de novo acquisition of rare mutations, en-
abled metastatic tumor progression. Our data further
suggest that even if cancer cells have acquired all of the
changes necessary for tumorigenesis, ongoing check-
point responses elicited by telomere dysfunction alone
can limit the metastatic potential of prometastatic ge-
netic lesions present in the population. It is possible that
reconstituted telomerase stabilizes the genome from fur-
ther BFB cycles and quells the DNA damage checkpoint
response to a level permissive for unencumbered tumor
growth within the lung parenchyma. Along these lines,
it is interesting to note there was increased steady state
basal expression of p53 in the V lines compared to
equivalently passaged T lines (data not shown).
We show that late-passage V cell lines readily formed

subcutaneous tumors when injected subcutaneously
into SCID mice. Multiple rounds of in vivo tumor for-
mation activated the ALT pathway to lengthen telo-
meres and enhance tumor growth. The activation of ALT
in this setting could relate to the strong selection pres-
sures of cells in crisis to maintain telomere lengths dur-
ing tumor formation. ALT has been shown previously to
maintain telomeres ofmTerc-null cell lines during long-
term passages in vitro (Hande et al. 1999; Niida et al.
2000). However, in contrast to mTerc-reconstituted
ALT+ cell lines, nontransduced controls were unable to
generate macroscopic metastatic lesions in the lungs,
suggesting that telomere maintenance via ALT cannot

functionally substitute for telomerase. One possible ex-
planation is that the telomere length heterogeneity char-
acteristic of ALT cells renders a population of chromo-
some ends with very long telomeres, whereas other ter-
mini have denuded dysfunctional telomeres (Lansdorp et
al. 1996; Perrem et al. 2001). A single marked telomere in
ALT cells exhibited gradual shortening over time in cul-
ture, followed by rapid increases in length and resump-
tion of telomere attrition (Murnane et al. 1994). This
cyclical nature of telomere dynamics in ALT cells sug-
gests that a biologically relevant steady-state level of
dysfunctional telomeres might exist in these cells, pos-
sibly limiting cellular growth during metastasis, perhaps
by activation of p53. In contrast, recent evidence suggest
that restoration of telomerase activity preferentially re-
paired the shortest telomeres and rescued cellular de-
fects owing to telomere dysfunction (Hemann et al.
2001; Samper et al. 2001). Although the molecular
mechanisms involved in mammalian ALT still remain
unclear, current evidence suggests that telomere-telo-
mere recombination is involved (Dunham et al. 2000).
Our SCID-2 ALT V cell lines now provide an opportunity
to further dissect the molecular mechanisms driving
ALT in mammalian cells in an in vivo setting.
In addition, recent evidence suggests that telomerase

has additional roles beyond those involved in telomere
maintenance (Stewart et al. 2002; for review, see Chang
and DePinho 2002). In transgenic mice, overexpression
of telomerase in basal keratinocytes resulted in in-
creased incidence of carcinogen-induced skin tumors
(Gonzalez-Suarez et al. 2001), whereas overexpression of
telomerase in mammary glands promoted the develop-
ment of spontaneous cancers (Artandi et al. 2002). Fur-
thermore, ectopic expression of hTERT in human mam-
mary cells that have epigenetically silenced p16 resulted
in increased resistance to growth arrest mediated by
transforming growth factor-� (Stampfer et al. 2001).
Taken together, these results raise the possibility of a
telomere-independent role for telomerase in signaling
cellular proliferation. It is formally possible that, in ad-
dition to repairing dysfunctional telomeres, ectopic ex-
pression of telomerase in late-passage V cell lines confers
a certain growth advantage needed for metastatic activ-
ity.
Our findings may have implications for the use of

telomerase inhibitors as antitumor agents in human can-
cers. Inhibition of telomerase will put tumors that are
initially telomerase positive under strong selection pres-
sure to activate ALT. Because repression of ALT results
in senescence and cell death (Nakabayashi et al. 1997;
Perrem et al. 1999), ALT, like telomerase, may be an
attractive drug target. The use of both classes of drugs to
inhibit telomere maintenance in tumor cells may help
prevent the emergence of drug resistance. In addition,
despite concerns for activation of ALT in the course of
telomerase treatment, these studies suggest that ALT
cells may not be as biologically robust as telomerase-
positive cancer cells and may succumb to drug interven-
tion despite activation of the ALT pathway.
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Materials and methods

Cell culture, transformation assay, 3T3 assay,
and cell-cycle synchronization

MEFs were prepared from individual day 13.5 embryos derived
from second- and fifth-generations mTerc−/− Ink4a/Arf−/− mice.
Two independently derived parental cultures were cotrans-
fected with MYC and H-RASG12V, and either mTerc (T) or
empty vector (V), to generate transformed foci as previously
described (Blasco et al. 1997; Greenberg et al. 1999). Individual
foci were isolated and expanded into 10-cm plates that were
designated as passage 1 (P1) lines. A total of three T lines and
three V lines were generated from each parental culture. Serial
passages of cell lines were performed according to the NIH3T3
protocol (Todaro and Green 1963). The population-doubling
number (PD) of each passage was calculated as described (Blasco
et al. 1997). Low-density seeding assays were performed as de-
scribed (Greenberg et al. 1999). For reconstitution of telomerase
activity, 5 µg of mTerc vector and 0.5 µg of pBABE-puro vector
were cotransfected into indicated V and T cell lines; 2 µg/mL of
puromycin was used to select for stable clones. To enrich for
cells at G2, cells were plated onto coverslips, synchronized by
double-thymidine block as described (Detke et al. 1979), fol-
lowed by addition of Hoeschst 33342 at a final concentration of
0.5 µg/mL for 12 h more. Cells were washed and processed for
immunofluorescence as described below.

Pulse-field gel electrophoresis

MEFs (2.5 × 104) were imbedded into 0.8% agarose plugs and
then digested overnight with 200 U of restriction enzymesHinfI
and RsaI. DNA was resolved with a 0.8% agarose gel with a
CHEF pulse-field apparatus according to manufacturer’s sugges-
tions (Bio-Rad). The gel was dried, denatured, hybridized to 5�-
[�32P]T2AG3 telomeric DNA oligonucleotides, and autoradio-
graphed, as described (Blasco et al. 1997).

Telomerase assays, telomere FISH, and SKY analysis

TRAP assays were performed with the TrAPeze kit (Oncor) as
described (Greenberg et al. 1998). Metaphase chromosomes
from transformed MEFs of various passages were prepared as
described (Rudolph et al. 1999), and FISH of telomeric sequences
with Cy-3-labeled T2AG3 PNA probe were performed as de-
scribed (Greenberg et al. 1999). SKY was performed as described
(Artandi et al. 2000) according to manufacturer’s recommenda-
tions by using mouse chromosome paint probes (Applied Spec-
tral Imaging) on a Nikon Eclipse 800 microscope equipped with
an ASI interferometer and workstation. Depending on the qual-
ity of metaphase spreads, 8–15 metaphases from each sample
were analyzed in detail.

Immunofluorescence and Western analyses

Cells were grown on coverslips, permeablized in 0.5% NP-40 in
PBS, fixed with 4% paraformaldehyde, and blocked with 0.2%
gelatin and 0.5% BSA. For immunofluorescence, rabbit anti-
mouse TRF1 antipeptide antibody #644 (a kind gift from Dr.
Titia de Lange, Rockefeller University, New York) was diluted
1:2000, goat anti-TRF1 E-15 and rabbit anti-PML H-238 and
PML mAB PG-M3 (Santa Cruz) antibodies were diluted 1:100
and incubated overnight, followed by Rh- or FITC-labeled sec-
ondary antibody (Vector Laboratories). DAPI was used to stain
cell nuclei. For Western analysis, cells were trypsinized and
lysed in RIPA buffer, and 30 µg of lysate per late was resolved by

SDS-PAGE and transferred onto PVDF membranes for c-MYC
and H-RAS immunoblots. The antibodies used for Western
analyses were antimouse c-Myc (9E10; 1:500, Santa Cruz), an-
tirabbit H-Ras (C20; 1:500; Santa Cruz), and antigoat actin (I-19;
1:2000; Santa Cruz) for loading control. Western blots assays
were performed in accordance with standard procedures by us-
ing ECL detection (Amersham).

SCID injections and metastatic seeding assay

T and V cell lines (1 × 106 cells/mL) at different passages were
injected into both flanks of SCIDmice (0.5 mL/site of injection).
Four mice were injected per tumor cell line. Tumor size was
measured three times a week, and mice were killed when tu-
mors reached 2 cm in diameter. Tumors were harvested and
split into three equal parts: one for hematoxylin and eoisin
(H&E) analysis, one for genomic DNA isolation, and one
adapted to cell culture (RPMI, 10% FCS, 1× Pen/Strep). Tumor
cells were processed to generate metaphase spreads for PNA-
FISH and SKY analysis. For the metastatic seeding assays, T and
V cell lines were resuspended in Hanks buffer at 1 × 106 cells/
mL, and 0.5 mL was injected into the tail vein of SCID mice.
Mice were killed at 1–12 wk after injection or when they ap-
peared ill. Autopsies performed to look for tumor seeding at
distant organs, and gross tumor sizes were measured before or-
gans were harvested for H&E analysis.
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