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Aged humans sustain a high rate of epithelial cancers such as
carcinomas of the breast and colon, whereas mice carrying
common tumour suppressor gene mutations typically develop
soft tissue sarcomas and lymphomas. Among the many factors
that may contribute to this species variance are differences in
telomere length and regulation. Telomeres comprise the nucleo-
protein complexes that cap the ends of eukaryotic chromosomes
and are maintained by the reverse transcriptase, telomerase'. In
human cells, insufficient levels of telomerase lead to telomere
attrition with cell division in culture’ and possibly with ageing
and tumorigenesis in vivo’™. In contrast, critical reduction in
telomere length is not observed in the mouse owing to promis-
cuous telomerase expression and long telomeres®'’. Here we
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provide evidence that telomere attrition in ageing telomerase-
deficient p53 mutant mice promotes the development of epithelial
cancers by a process of fusion-bridge breakage that leads to the
formation of complex non-reciprocal translocations—a classical
cytogenetic feature of human carcinomas. Our data suggest a
model in which telomere dysfunction brought about by continual
epithelial renewal during life generates the massive ploidy
changes associated with the development of epithelial cancers.

Chromosomal rearrangement mechanisms are intimately linked
to cancer development and are thought to generate the numerous
gains and losses of segments of chromosomes needed for epithelial
carcinogenesis. These wholesale and complex rearrangements typi-
cally occur early, by the carcinoma-in-situ stage, but appear to be
largely unchanged with progression to invasive and metastatic
disease' . Additional genomic alterations and mutations no
doubt accrue during tumour progression, but these data suggest
that the instability of cancer genomes is episodic, primarily occur-
ring early during carcinogenesis and resolving to relative stability in
advanced malignancy. These genomic changes are evident by the
stage when telomerase is first activated'*", which suggests that an
early and transient period of telomere dysfunction could contribute
to complex genomic alterations encountered in mature epithelial
cancers.

Mice lacking the RNA component of telomerase (mTERC)
exhibit progressive telomere shortening and ultimately chromoso-
mal instability (end-to-end fusions) as a function of age and of
successive generational matings'®"”. Paradoxically, although telo-
merase facilitates oncogenic transformation of cultured human
cells®, telomere shortening in ageing mTERC™~ mice is associated
with increased rates of cancer, suggesting that the genetic instability
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Figure 1 Kaplan—Meier analysis of tumour incidence in p53 mutant mice divided on the
basis of generation of telomerase deficiency. a, p53~~ mice. The number of tumours
identified (f and the total number of mice () in each cohort is indicated. Hatched

line, G1-G2 mTERC™"; triangles, G5—G6 mTERC™"; circles, G7—G8 mTERC™".

b, p53*"~ mice. Hatched line, mTERC**, mTERC*"~ or G1—G2 mTERC™": triangles,
G5-G6 mTERC™; circles, G7—G8 mTERC™".
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Table 1 Histological diagnoses of spontaneous tumours

Histological type Telomere function intact Telomere
dysfunction
No. % of tumours  No. % of tumours

Tumour spectrum in p53™~ mice
Thymic lymphoma 23 64 24 54
Other lymphoma 3 8 2 4
Sarcoma 9 25 15 33
Glioma, spinal cord 1 3 0 0
Adenocarcinoma (] (] 4 9
Total 36 100 45

100

Tumour spectrum in p53*/* mice*
Breast adenocarcinoma o (] 10 10
Sq cell carci o o 21 22
Gastroi tinal ad o o 19 20
Other carcinoma (] (] 3 3
Osteosarcoma 2 25 17 18
Angiosarcoma 0 0 4 4
Other sarcoma 4 50 ihl 11
Ovarian stromal cell tumour 0 0 4 4
Lymphoma 2 25 8 8
Total 8 100 97 100

*p53’/’ mice were compared between two cohorts: one with intact telomeres (mTERC*/*,
mTERC*", G1-G2 mTERC™") and one with severe telomere dysfunction (G5-G8 mTERC™).

associated with telomere dysfunction can facilitate transformation
in vivo". Moreover, loss of p53 improves the survival of cells with
telomere dysfunction, and thus has a permissive role in the genera-
tion of end-to-end chromosomal fusions and aneuploidy. In the
setting of p53 deficiency, telomere dysfunction confers a greater
susceptibility to transformation by cellular oncogenes®. Despite
these observations, the precise mechanism by which telomere

dysfunction facilitates cancer and the implications of these tissue
culture experiments for tumorigenesis in vivo remained unclear.

Although telomerase is reactivated in most mature human
cancers, we sought to model the early stages of tumorigenesis in
which telomere shortening and dysfunction might impair chromo-
somal integrity. We monitored the cancer phenotype and cytoge-
netics of large cohorts of telomerase-deficient p53 mutant mice. In
generation one (G1) and generation two (G2) mTERC™™ p53’/’
mice that lack telomerase but retain normal telomere function,
median tumour incidence was similar to that of mTERC""* p537~
and mTERC"™ p53™~ controls (27.1 compared with 24.9 weeks,
P = 0.212; data not shown). In contrast, in later mTERC™~
generations the progressive decline in telomere function correlated
with decreasing tumour latency: 27.1 weeks for G1-G2, 21.3 weeks
for G5—G6, and 18.6 weeks for G7—G8 mTERC ™~ p53_/_ cohorts
(P = 0.0034; Fig. 1a). Similarly, in p53*"~ cohorts median tumour
latency decreased progressively as telomeres became short and
dysfunctional (P = 0.0023; Fig. 1b). Seven out of nine tumours of
late generation mTERC™ p53*~ mice exhibited loss of the remain-
ing p53 wild-type allele (data not shown). Thus, telomere dysfunc-
tion, rather than loss of telomerase per se, cooperates with p53
deficiency to accelerate tumorigenesis in vivo, in agreement with
previous transformation studies in cell culture®.

Sarcomas and lymphomas dominated the tumour spectrum of
late generation mTERC™~ p53™~ mice (Table 1), similar to previous
reports of p53~~ mice?"?. However, the emergence of adenocarci-
nomas in late generation mTERC™™ p53™~ mice (9%), compared
with none in early generation controls, suggested that telomere
dysfunction may be involved in promoting epithelial carcinogen-
esis. Because p53”" mice succumb rapidly to lymphoid and
mesenchymal cancers, we reasoned that the much longer tumour
latency of p53"~ mice?"?? might reveal an impact of age-dependent

Figure 2 Histology of epithelial cancers in mice with telomere dysfunction. a, Breast
cancer, G5 mTERC™~ p53*“mouse; b, squamous cell carcinoma, G6 mTERC™~ p53*/~
mouse. H&E stain, original magnification x20. ¢, Gross view of caeca from mTERC*~
p53*'~ (left), G6 MTERC™~ p53*~ (middle), and G5 mTERC™~ p53*~ (right). d, Histology
of normal caecum, mTERC*'~ p53*'~, shows typical colonic villi and ordered nuclei. H&E
stain, original magnification x4; inset, x20. e, Adenomatous polyp in the caecum, G5
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mTERC™~ p53*. Inset, glands remain round with basal nuclei. H&E stain, original
magnification x4; inset, x20. f, Caecal adenocarcinoma, G5 mTERC™~ p53*~. Inset,
disordered glands and pleiomorphic nuclei. Original magnification x4, inset x20. g,
Invasive adenocarcinoma of colon, G5 mTERC™~ p53*/’. Inset, tumour cells (t) with poor
glandular organization invading muscle fibres (m). H&E stain, original magnification x10;
inset, x20.
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telomere attrition on tumorigenesis in self-renewing epithelial
compartments. We subjected 97 tumours arising in 81 late genera-
tion mTERC™™ p53*~ mice to detailed histological and tumour
marker analysis (Table 1). Carcinomas represented the largest class
of clinically apparent tumours (55%, but occult carcinomas
occurred in all mice, see below), exceeding sarcomas (37%) and
lymphomas (8%).

Adenocarcinoma of the breast presented as solitary subcutaneous
masses along the milk line in female mice only, and, on the
histological level, showed carcinoma cells growing in nested pat-
terns (Fig. 2a). Squamous cell carcinomas of the skin showed
characteristic morphology (keratin pearls and intercellular bridges,
Fig. 2b), and immunoreactivity to cytokeratins—markers com-
monly used to diagnose human epithelial cancers (see Supplemen-
tary Information). A subset of mice (n = 16) exhibited either
distension of the gastrointestinal tract or caecal enlargement. In
roughly 75% of these mice, gross examination of the caecum
revealed a macroscopic polyp, usually extending along the luminal
wall of the caecum without a discernible stalk (sessile polyp),
findings typical of caecal polyps in humans (Fig. 2¢). Histologically,
these lesions showed a spectrum of abnormalities from adenoma-
tous proliferation to frank adenocarcinoma, including abnormal
glandular architecture, pleiomorphic nuclei and frequent mitotic
figures (Fig. 2d—f). In addition, adenocarcinomas of the small
bowel (n = 2) and colon (n = 2) were detected in this group of
mice and all four tumours exhibited clear invasion of muscle (Fig.
2g). To determine the frequency of gastrointestinal pathology in the
population, 10 mice from the G5—G7 mTERC™™ p53*~ cohort were
killed and the caeca analysed (mean age 63 weeks). On gross
examination, 6 out of 10 mice had either macroscopic polyps or
thickened and irregular mucosa, and all 10 showed clear histological
abnormalities including adenomatous hyperplasia and adenocarci-
noma. Eleven p53*" mice with intact telomeres (mTERC™",
mTERC"™ and G1-G2 mTERC™™) were analysed as controls

letters to nature

(mean age 50 weeks). The caeca from all 11 controls were normal
on gross and histological examination. Despite the large size and
invasiveness of these carcinomas, metastases were not detected.

To determine the mechanism by which telomere dysfunction
accelerates tumour onset and shifts tumour spectrum, we analysed
telomere maintenance and chromosomal structure in spontaneous
cancers from mTERC™™ p53 mutant mice. Telomere PNA—fluor-
escent in situ hybridization (FISH) on metaphase spreads of
lymphomas and breast cancers derived from late generation
mTERC ™™ mice revealed a high frequency of chromosome ends
lacking telomere signal (signal-free ends) and numerous end-to-
end fusions. In contrast, signal-free ends and fusions were uncom-
mon in lymphomas from G1 mTERC ™™ p53™ mice (see Supple-
mentary Information). Microscopic analysis revealed frequent
anaphase bridges and lagging chromosomes in late generation
mTERC ™™ p53™ breast carcinomas, but none in tumours arising
in early generation mTERC™™ mice (see Supplementary Informa-
tion). These bridges represent dicentric chromosomes pulled to
opposite poles by the kinetochore/spindle apparatus leading to
chromosomal breakage®*. Perhaps as evidence of increased break-
age, small chromosomal fragments were detected in metaphase
spreads of late generation mTERC™" p53 mutant lymphomas and
breast tumours, but not in G1 mTERC ™~ p53 mutant lymphomas
(Fig. 3d, arrows). Together, these data provide direct evidence for
persistent telomere dysfunction in a subpopulation of tumour cells.

The availability of p53 null lymphomas from mice with normal
telomeres and from mice with severe telomere dysfunction allowed
us to study the impact of telomere dysfunction on chromosomal
structure in the same tumour type. Spectral karyotyping (SKY)*
revealed that p53-null lymphomas with intact telomere function,
including one mTERC"" and one G1 mTERC™~ tumours, exhibited
mild aneuploidy, but no fusions or translocations (Fig. 3a). These
findings are consistent with studies’®* indicating that the mechanism
of p53-deficient lymphomagenesis does not involve translocation to

Figure 3 Spectral karyotyping. a, Metaphase spread, G1 mTERC™~ p53*/~ lymphoma,
showing no chromosomal rearrangements. b, G6 mTERC™~ p53*"~ lymphoma, showing
the presence of NRTs (T) and end-to-end chromosomal fusions (Rob). ¢, G7 mTERC™™
p53*” breast carcinoma, showed aneuploidy and several complex NRTs, some of which
involved multiple chromosomes. d, Reverse DAPI image of the same metaphase as in ¢
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reveals marked genomic instability including chromatid breaks (arrowheads) and
chromosome fragments (arrows). e, For each lymphoma and breast cancer analysed, the
number of clonal NRTs (blue, striped) and non-clonal NRTs (pink) per metaphase is
represented in a bar graph.

643




letters to nature

immunoglobulin gene loci. A second G1 mTERC™™ p53™" lym-
phoma, originating 10 weeks later than the first, exhibited
low numbers of end-to-end fusions—evidence for mild telomere
dysfunction—and showed the emergence of interstitial chromoso-
mal translocations of the non-reciprocal type. Notably, two G6
mTERC™™ p537" lymphomas exhibited numerous end-to-end
fusions, indicating severe telomere dysfunction, and frequent
non-reciprocal translocations (NRTs) (Fig. 3b, e). These data
indicate that loss of telomere integrity due to progressive telomere
shortening facilitates formation of NRTs.

In the lymphomas, both the end-to-end fusions and NRTs were
non-recurrent; that is, consistent changes were not seen among
multiple metaphases from the same tumour. SKY analysis of
spontaneous breast tumours in G6 and G7 mTERC™ p53™"~ mice
also revealed numerous complex NRTs and marked aneuploidy in
all cases (Fig. 3¢, d). In contrast to the lymphomas, each breast
cancer exhibited recurrent NRTs, indicating a clonal origin of these
rearrangements (Fig. 3e). In addition, non-recurrent NRTs were
present at lower frequency in the breast cancer metaphases. These
cytogenetics are remarkably similar to those of human breast cancers,
which typically exhibit both clonal and non-clonal NRTs*. Because
breast cancers occurred in late generation mTERC™™ p53*~ mice
only, tumours from transgenic models of mammary carcinoma
were the best available controls to study chromosome structure in
murine breast cancers with intact telomeres. Preliminary analysis of
breast cancers from MMTV-Wnt-1 transgenic mice® revealed
modest levels of aneuploidy and no NRTs (S.E.A. et al., unpublished
data). These results suggest that NRTs are not required for carci-
nogenesis in mouse mammary epithelial cells driven by a strong
oncogenic stimulus.

Here we have shown that telomere dysfunction in p53 mutant
mice promotes generation of NRTs, accelerates carcinogenesis and
shifts the tumour spectrum toward one dominated by carcinomas.
Non-reciprocal translocations have oncogenic potential in two
ways: first, by carrying chimaeric or deregulated oncogenes at
their breakpoints, as do reciprocal translocations; and second, by
widely altering gene dosage. This latter process—the gain or loss of
genetic information—makes NRTs fundamentally different from
their balanced reciprocal counterparts. It is striking that human
carcinoma cytogenetics are characterized by NRTs and that these
rearrangements are often clonal within a tumour in similar fashion
to the breast cancers that we describe here. In contrast to these adult
tumours, NRTs are much less common in paediatric cancers such as
lymphomas, leukemias and sarcomas, tumours in which reciprocal
translocations frequently define the disease in molecular terms™".

Propagation of a dicentric chromosome in plants has been shown
to lead to structural gains and losses at the terminus of sister
chromatids by repeated rounds of fusion-bridge breakage. We
propose that compromise of telomere integrity can lead to NRTs by
a similar model of fusion-breakage translocation. Formation of
dicentric chromosomes caused by telomere dysfunction may lead to
chromosome breakage, generating recombinogenic free DNA ends
that invade other chromosomes, yielding NRTs. Finally, the findings
that telomere dysfunction generates these non-reciprocal changes
and promotes carcinoma development provide a framework for
understanding the well recognized but poorly understood paradox
of episodic instability in human carcinomas. Telomere shortening
in self-renewing compartments during life may compromise telo-
mere function, leading to widespread gains and losses of chromo-
somal regions, and thus facilitating selection for an optimal
genomic profile during tumour initiation. Further maturation is
probably enhanced by quelling the extreme genomic instability of
telomere dysfunction through telomerase reactivation. Our data
suggest that ‘telonomic instability’ may initiate the neoplastic
process and that telomerase reactivation may pave the transition
to a more stable genome in which more subtle changes promote
tumour progression.
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Methods
Mating scheme for generating mice

mTERC"~ mice were mated with p53*~ mice (Jackson Labs) to generate double

heterozygotes (mTERC"'™ p53*"). Both strains are of mixed genetic background,
primarily 129V and C57BI/6. These mice were intercrossed to generate GI mTERC™~
p53*"mice; G1 mTERC™~ p53*" intercrosses yielded G2 mTERC ™~ p53*/~ mice and so on
until G8. We used randomized cousin mating schemes to maintain genetic heterogeneity
and prevent the generation of substrains'’.

Tumour incidence and analysis

Mice were examined closely for evidence of ill health or overt tumour growth. Mice were
killed if profoundly ill or if external tumours exceeded 2 cm in diameter and scored as a
death in survival analysis. Only those animals with histologically proven cancer were
scored as an event in the tumour incidence Kaplan—Meier analysis. Statistical significance
was measured using the log-rank test. All mice were subjected to extensive autopsy and
gross examination. Tumours were fixed in 10% formalin and embedded in paraffin. Five-
pm paraffin sections were stained with haematoxylin and eosin.

Spectral karyotyping

Spectral karyotyping of lymphoma and breast cancer cell lines was done essentially as
described”. At least 12 metaphases were analysed for each of the breast carcinomas, and
between 5 and 10 metaphases were analysed for each of the lymphomas. Structural
aberrations were determined to be clonal if found in two or more metaphases.
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A wide variety of mechanisms are used to generate a proton-
motive potential across cell membranes, a function lying at the
heart of bioenergetics. Bacteriorhodopsin, the simplest known
proton pump’, provides a paradigm for understanding this
process. Here we report, at 2.1 A resolution, the structural changes
in bacteriorhodopsin immediately preceding the primary proton
transfer event in its photocycle. The early structural rearrange-
ments’ propagate from the protein’s core towards the extracellular
surface, disrupting the network of hydrogen-bonded water mole-
cules that stabilizes helix C in the ground state. Concomitantly, a
bend of this helix enables the negatively charged’ primary proton
acceptor, Asp 85, to approach closer to the positively charged
primary proton donor, the Schiff base. The primary proton
transfer event would then neutralize these two groups, cancelling
their electrostatic attraction and facilitating a relaxation of helix C
to a less strained geometry. Reprotonation of the Schiff base by
Asp 85 would thereby be impeded, ensuring vectorial proton
transport. Structural rearrangements also occur near the protein’s
surface, aiding proton release to the extracellular medium.
Photoisomerisation of the bacteriorhodopsin (bR) chromo-
phore from an all-trans retinal, covalently linked to Lys 216 through

9§ Present address: Department of Physiology and Biophysics and Sealy Center for Structural Biology,
University of Texas Medical Branch, 301 University Boulevard, Galveston, Texas 77555-0641, USA.
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a protonated Schiff base, to the 13-cis configuration is the initial
event in the proton pumping mechanism. During its photocycle
bacteriorhodopsin passes through a series of well characterized
spectral intermediates, the simplest representation of which is
bRs70 — Ksop < Lsso <> Myjz <> Nsgo — Ogg0 — bRszo. The initial
proton transfer occurs in the Lsso — My, transition. To elucidate the
structural changes facilitating this transfer, we established con-
ditions under which a high population of the low-temperature
L intermediate (L) builds up within crystals of wild-type bac-
teriorhodopsin grown in a lipidic cubic phase®, and determined the
associated structural rearrangements.
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Figure 1 Spectral characterization of a bacteriorhodopsin (bR) intermediate trapped
within a single crystal. a, Absorption spectrum of a typical light-adapted bR crystal in the
ground state at 170 K. b, Difference spectrum between the spectrum of the crystal
obtained 40s after being illuminated for 30 s with green light (\ =532 nm), and the
spectrum shown in a. This spectrum is characteristic of a build up of the low-temperature
L state (Liy), with a small contribution from a deprotonated state.

Table 1 Diffraction data and refinement statistics

Data set Ground* Excited
Resolution (A) 38-1.95 30-2.1
No. of observations 86,583 73,411
No. of unique reflections 16,826 13,088
Completeness (%) (outer shell)t 99.4 (99.1) 96.6 (99.2)
Rsym (%)% (outer shell) 4.1(25.2) 6.3 (562.1)
mean I/o () (outer shell) 12.5(2.9 9.0(1.4)
Unit cell (A)$ 60.84, 60.84, 110.49 60.96, 60.96, 109.97
Twinning (%) <2 26 =2
Conformersll Ground/Lt
Occupancy (%) 30/70
Number of atomsf|
Total 1,798/1,776
Protein 1,752/1,752
Retinal 20/20
Water 26/4

Reryst (%)# (outer shell)™

Riee (%)11 (outer shell) .
r.m.s. deviation of bond lengths (A)
r.m.s. deviation of bond angles (°)

26.48 (29.35)
28.82 (30.52)
0.0075
1.15

*This corresponds to a new integration of the data that yielded the observations from which PDB
entry 1ghj was refined'. .

T Outer shells were 2.06/1.95 and 2.21/2.10A for the ground state and the excited state,
respectively. Rmege ON the intensities between the ground state and the excited state corrected
for twinning was 26.2%.

$Reym = ZiZn [y = /T Iy

§ The space group is P63.

IIThe conformer corresponding to the Ground state was strictly fixed during refinement.
{INumbers correspond to the non-refined Ground state conformer and to the refined L 1 state
conformer, respectively.

#Royst = In | [Fops(h)l = [Foaio()l 1/Z [Fops(h)l

** Refinement outer shell was 2.17/2.10A.

11 Calculated from a set of 5% randomly selected reflections that were excluded from refinement.
This set of reflections is identical to the one used in the ground state refinement. The Ry, for the
ground state refinement was 24.5%.
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