Related Commentary, page 1962 B rl ef re pO rt

Transient telomere dysfunction
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Telomere shortening limits the proliferative capacity of a cell, but perhaps surprisingly, shortening is also
known to be associated with increased rates of tumor initiation. A current hypothesis suggests that telomere
dysfunction increases tumor initiation by induction of chromosomal instability, but that initiated tumors
need to reactivate telomerase for genome stabilization and tumor progression. This concept has not been test-
ed in vivo, since appropriate mouse models were lacking. Here, we analyzed hepatocarcinogenesis in a mouse
model of inducible telomere dysfunction on a telomerase-proficient background, in telomerase knockout mice
with chronic telomere dysfunction (G3 mTerc/-), and in WT mice with functional telomeres and telomerase.
Transient or chronic telomere dysfunction enhanced the rates of chromosomal aberrations during hepatocar-
cinogenesis, but only telomerase-proficient mice exhibited significantly increased rates of macroscopic tumor
formation in response to telomere dysfunction. In contrast, telomere dysfunction resulted in pronounced
accumulation of DNA damage, cell-cycle arrest, and apoptosis in telomerase-deficient liver tumors. Together,
these data provide in vivo evidence that transient telomere dysfunction during early or late stages of tumori-

genesis promotes chromosomal instability and carcinogenesis in telomerase-proficient mice.

Introduction

Telomere shortening limits the proliferative life span of cells by
induction of senescence or crisis (1). Both checkpoints represent
potent tumor-suppressor mechanisms, and tumor cells need to
activate telomere maintenance mechanisms — telomerase activa-
tion or alternative mechanisms of telomere lengthening (ALT) —
in order to gain immortal growth capacity (2). Genetic deletion or
pharmacological inhibition of telomerase significantly suppressed
the tumor-forming capacity of human cancer cells as well as the
progression of tumors in mouse models (3-7).

In contrast to the role of telomere shortening in tumor suppres-
sion, telomere shortening is also associated with increased rates
of tumor initiation (3, 7, 8). Studies on late-generation telomer-
ase knockout mice with short telomeres (G3 mTerc”/") revealed
that telomere shortening increases the rate of tumor initiation by
induction of chromosomal instability (3, 7), especially when the
pS53 tumor-suppressor checkpoint is abrogated (9).

The dual role of telomere shortening and telomerase reactivation
in tumor initiation and progression led to the model that both
processes may occur sequentially during carcinogenesis (3, 6, 7).
Specifically, telomere shortening (as a consequence of aging or
chronic diseases) leads to the induction of chromosomal instabil-
ity and cancer initiation followed by activation of telomere main-
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tenance mechanisms (telomerase or ALT) required for tumor pro-
gression. This model is supported by correlative data on human
carcinogenesis (7, 10). However, the model was not tested directly
in vivo due to the lack of appropriate mouse models allowing a
transient induction of telomere dysfunction at an early or late
stage of tumorigenesis in a telomerase-proficient background.

The initiation of human hepatocellular carcinoma (HCC) is
associated with telomere shortening at precancerous disease
stages and in early tumors (10-12). However, telomerase reacti-
vation occurs in the vast majority of human HCCs during tumor
progression (10, 11). These data suggest that hepatocarcinogen-
esis in humans proceeds in accordance with the model of tumor
initiation by telomere dysfunction followed by telomerase reac-
tivation during tumor progression. To experimentally test the
role of this sequence during in vivo tumorigenesis, we analyzed
the consequences of transient telomere dysfunction during can-
cer initiation and progression of carcinogen-induced HCCs in
telomerase-proficient mice.

Results and Discussion
Transient telomere dysfunction increases hepatocarcinogenesis in telom-
erase-proficient mice. Previous studies showed that expression of
TRF2AB*M (3 dominant-negative truncation of TRF2) induces telo-
mere uncapping and chromosomal fusion (13, 14). Here, we gen-
erated a liver-specific, doxycycline-inducible TRF2APAM-transgenic
mouse model (Supplemental Methods and Supplemental Fig-
ure 1A; supplemental material available online with this article;
doi:10.1172/JCI61745DS1). Control experiments verified that
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Figure 1

Transient telomere dysfunction promotes hepatocarcinogenesis. Mice were treated with the liver carcinogen DEN at P15. Transient telomere dys-
function was induced by doxycycline-inducible TRF2482M expression in TTD* but not in TTD- mice. (A and B) The incidence of dysplastic foci (A)
and macroscopic liver tumors (B) in 6-month-old TTD* male mice (n = 7) was significantly increased compared with that in age-matched TTD- male
mice (n = 18). (C and D) Analysis of foci (C) and tumors (D) in 13-month-old TTD+, TTD-, and G3 mTerc~- female mice (n = 19, n =20, and n = 17,
respectively). (E) The scatter plot shows the distribution of tumor size from all tumors analyzed in 13-month-old male mice on a logarithmic scale.
Tumor volume was significantly increased in TTD* (n = 136) compared with TDD- mice (n = 233) and G3 mTerc~- mice (n = 302). (F-H) Transient
telomere dysfunction was induced after establishment of macroscopic HCCs in tumors of 12- to 14-month-old female mice. MRI imaging determined
the tumor volume before and 1 month after induction of telomere dysfunction. (F) Transient telomere dysfunction in TTD+ mice led to a significant
increase in tumor size (n = 31) compared with the control groups (n = 60; P = 0.0002). Dox, doxycycline. (G) Representative MRI images of TTD*
and TTD- mice before and after doxycycline treatment (circles highlight detected tumors). (H) Tumor volumes of both groups prior to doxycycline
treatment. Data represent mean + SEM.

doxycycline administration to Tg(tetopTRF2APAM)3 rTAAP-1-dou-  contrast, single-transgenic (expressing either TAMP-1 or C57BL/6];
ble-transgenic mice (TTD*) mice on a C57BL/6 background led = Tg[tetopTRF248AM]) and WT mice (grouped as TTD-) did not show
to a transient expression of TRF2484M and the induction of chro-  TRF24BAM expression or chromosomal fusions when injected with
mosomal instability in the liver (Supplemental Figure 1, B-E). In  doxycycline (Supplemental Figure 1, B-E).
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Transient telomere dysfunction induces HCCs with shortened telomeres. Telomere length was measured by qFISH. (A—C) Distribution of mean
telomere fluorescence intensities (TFI) in HCCs of the indicated genotypes and sex (n = 5-7). Red lines indicate the mean fluorescence intensi-
ties. The numbers on the left of the dotted line indicate the percentage of tumor cells with critically short telomeres (TFI < 800).

To evaluate the influence of transient telomere dysfunction on
hepatocarcinogenesis, 15-day-old mice were treated with diethyl-
nitrosamine (DEN), which induces HCCs in 10- to 12-month-
old mice (3). Transient telomere dysfunction by expression of
TRE258M wwas induced before DEN-treated mice developed tumor
lesions at 2 to 3 months (Supplemental Figure 1F). Gene array
analysis and hierarchical clustering revealed no global changes
in gene expression in mouse livers in acute response to TRE245AM
expression, suggesting that the inducible transgene did not regu-
late other biological processes aside from the induction of telo-
mere dysfunction (Supplemental Figure 2).

To investigate the influence of transient telomere dysfunction on
tumor initiation, a cohort of male mice was analyzed at 6 months
of age. TTD" mice exhibited a significant increase in the numbers
of dysplastic foci (2.857 foci/liver) and macroscopic liver tumors
(2.143 tumors/liver) compared with TTD- mice (1.389 foci/liver,
P =0.0339; 0.556 tumors/liver, P = 0.0183; Figure 1, A and B).
In agreement with previous studies, hepatocarcinogenesis was
delayed in female compared with male mice (3, 15). Transient
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telomere dysfunction at early stages of tumorigenesis also led to a
significant increase in the number of hepatic tumors in 13-month-
old female mice (Figure 1, C and D). In addition, transient telo-
mere dysfunction promoted the growth of initiated liver tumors
(Figure 1E and Supplemental Figure 3, A and B).

To determine whether transient telomere dysfunction would also
promote the progression of established, macroscopic liver tumors,
DEN-treated female mice were followed for 11 to 13 months
without induction of telomere dysfunction. At this age, the size
of liver tumors was determined by MRI followed by doxycycline
administration to transiently induce telomere dysfunction in
established tumors. Tumor progression was monitored by a
second MRI scan 4 weeks after the last injection. This analysis
revealed a significant increase in tumor size in TTD* mice (n = 31)
compared with controls (» = 60, P = 0.0002; Figure 1, F-H).

In contrast to the effects of transient telomere dysfunction in
telomerase-proficient mice, the formation of macroscopic liver
tumors was significantly impaired in third-generation telomerase-
deficient mice (G3 mTerc/~) with dysfunctional telomeres (Figure 1,
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Transient telomere dysfunction induces chromosomal instability in telomerase-proficient liver without strong accumulation of DNA damage. (A)
Ideogram displaying chromosomal gains and losses in tumors of the indicated cohorts (n = 6—10). The bars on the right side of each chromosome
indicate the frequency (%) of gains (red) and losses (green). (B) Average number of chromosomal alterations in HCCs of the indicated geno-
types (n = 6-10). (C) The histogram shows the number of yH2AX-positive cells in HCCs of the indicated genotypes (n = 5-9). (D) Representative
immunofluorescence staining of YH2AX foci as an indicator of DNA breaks. Original magnification, x200. (E) Number of PCNA-positive cells in
nontumorous livers and HCCs of mice of the indicated genotypes (n = 5-9). Data represent mean + SEM.

D and E, and Supplemental Figure 3, A and B). These data indi-
cate that transient telomere dysfunction leads to an acceleration
of tumorigenesis in telomerase-proficient mice, but impairment of
macroscopic liver tumor formation in telomerase-deficient mice.
Previous studies showed that telomerase deficiency per se does
not influence tumor formation in Terc/~ G1 mice compared with
mTerc”* mice (7, 16). Histological analysis of the tumors in TTD*
compared with TTD- mice revealed no influence of telomere dys-
function on the grading/differentiation of liver tumors (Supple-
mental Figure 4, A and B).

Transient telomere dysfunction induces telomere shortening and
chromosomal instability in tumor cells. Quantitative FISH (qFISH)
(8, 17) revealed no significant difference in telomere length in
nontransformed liver of TTD* mice compared with TTD- mice
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(Supplemental Figure 5, A-C). Telomere length was reduced
in tumors of TTD* mice compared with nontransformed liver
(Supplemental Figure 5C), suggesting that transient telomere
dysfunction enhanced tumor initiation originating from cells
with short telomeres. qFISH analysis showed shorter telomeres
in HCCs from G3 mTerc/~ and TTD" mice compared with TTD-
HCCs (Figure 2, A-C). However, the percentage of cells with
critically short telomeres was significantly higher in HCCs of
G3 mTerc/~ mice compared with TTD* HCCs (Figure 2, B and
C). Specifically, HCCs from TTD* mice contained higher num-
bers of cells with short telomeres (53/390) compared with HCCs
from TTD- mice (16/432, P < 0.0001). However, HCCs from G3
mTerc”/~ mice displayed a further significant increase of cells with
short telomeres compared with HCCs from TTD* mice (52/1202,
Volume 122
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Table 1

The contingency table represents the number of chromosomal aberrations in

HCCs of 13-month-old mice of the indicated genotype

TTD*

36 (200) (18%)
164 (200) (82%)

TTD-
12 (200) (6%)
188 (200) (94%)

Contingency table

Affected chromosomes
Unaffected chromosomes

Differences were significant between TTD+and TTD- (P = 0.0002) and between TTD-
and G3 mTerc- (P = 0.001). P values were determined using the y? test. n = 6-10

tumors per cohort.

P =0.004). These results correlated with a higher number of telo-
mere-associated DNA damage foci (TIFs) in HCCs of G3 mTerc/~
mice (Supplemental Figure 5D).

Array comparative genome hybridization (aCGH) analysis revealed
that transient telomere dysfunction significantly increased the fre-
quency of chromosomal aberrations in telomerase-proficient HCCs
(3.6 aberrations/TTD* tumor vs. 1.2 aberrations/TTD- tumor,
P =0.0002; Figure 3, A and B, and Table 1). A comparison of known
chromosomal aberrations in human HCCs (Progenetix database,
http://www.progenetix.net; ref. 18) with the mouse data showed
a significantly higher overlap of TTD* HCCs versus TTD- HCCs
(Supplemental Figure 6, P = 2.2 x 10-1%). One of the most preva-
lentlesions in TTD* HCCs was the gain in chromosome 15 carrying
the c-Myc locus, which is implicated in human liver carcinogenesis
(12). Gene set enrichment analysis of differentially regulated genes
in TTD* versus TTD- tumors revealed a significant deregulation of
ribosomal genes — a known molecular feature of tumor progression
(19), which is regulated by c-MYC (19). Most of the enriched path-
ways in TTD" tumors were also associated with HCCs in humans
(Supplemental Figure 7 and Supplemental Table 1).

Telomerase promotes progression of chromosomal-unstable tumors by
limiting DNA damage, cell-cycle arrest, and apoptosis. In contrast to
the tumor-promoting effects of transient telomere dysfunction in
telomerase-proficient mice, telomere dysfunction impaired tumor
progression in telomerase-knockout mice (4, 6). aCGH analysis of
HCCs from G3 mTerc”/ revealed similarly high levels of chromo-
somal aberrations compared with tumors of TTD* mice (Figure 3, A
and B, and Table 1). These data indicated that differences in tumor
progression in G3 mTerc”/~ compared with TTD* mice (Figure 1,
D and E, and Supplemental Figure 3, A and B) were not associ-
ated with the levels of chromosomal aberrations per se. Instead, the
data suggested that telomerase activity was required for the survival
of chromosomal-unstable tumor cells by limiting levels of telo-
mere dysfunction (Figure 2, A-C, and Supplemental Figure 5D).
An analysis of telomerase activity revealed an activation of telom-
erase in HCCs of TTD* and TTD™ mice (n = 3-7; Supplemental
Figure 8, A and B). DNA breaks monitored as YH2AX foci point-
ed to an increase in DNA damage in HCCs of TTD* versus TTD-
mice, but HCCs of G3 mTerc”/~ mice exhibited a strong further
increase compared with the other 2 groups (P = 0.0001) (Figure 3,
Cand D, and Supplemental Figure 8, C and D). This increase was
higher than the increase in TIFs (Supplemental Figure 5D), suggest-
ing that it involved an accumulation of intrachromosomal breaks
that could be induced by fusion-bridge-breakage cycles in response
to telomere dysfunction. Increases in DNA damage accumula-
tion correlated with increased rates of apoptosis and impaired cell
proliferation in tumors of G3 mTerc/~ compared with TTD- mice
(Figure 3E and Supplemental Figure 8E). In contrast, cell prolif-
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eration rates were significantly increased in HCCs of
TTD* compared with TTD- mice (P =0.0004, n = 7-9;
Figure 3E), and TUNEL staining did not reveal a dif-
ference in apoptosis of tumors of TTD* compared
with TTD- mice (Supplemental Figure 8E).

This study demonstrates that transient telomere
dysfunction induced by a dominant-negative version
of TRF2 enhances tumor formation in carcinogen-
treated mice. TRF2 is essential for telomere capping,
and inhibition of TRF2 induces hallmark features of
telomere dysfunction that also occur in response to
telomere shortening (14, 20). The molecular pathways
of chromosomal fusion formation show differences when telomere
dysfunction is induced by telomere shortening or TRF2 inhibition
(21). Thus, the data of the current study may also be relevant for
human tumors exhibiting an aberrant expression of telomere-bind-
ing proteins — a frequent event in human tumors (22, 23).

During the revision of this study, two recent publications showed
that telomerase reactivation in late generation of telomerase-defi-
cient mice promotes tumor metastasis and malignancy in the back-
ground of genetic lesions inducing prostate cancer (24) or T cell
lymphoma (S). In both studies, telomerase was reactivated in tissues
exposed to long-term telomere dysfunction (from germ line to adult-
hood). The current study provides what we believe is the first experi-
mental evidence that transient telomere dysfunction during early or
late stages of tumorigenesis promotes cancer formation in telom-
erase-proficient mice that did not experience telomere dysfunction
prior to the oncogenic process. Together, these studies indicate that
telomere dysfunction can promote tumorigenesis when occurring in
precancerous tissues or at early or late stages of carcinogenesis. In
each of these scenarios, telomere dysfunction promotes carcinogen-
esis only when followed by telomerase reactivation. In contrast, telo-
mere dysfunction impairs tumor progression in telomerase-deficient
mice. The average number of chromosomal aberrations in tumor
cells was not different in both scenarios, but telomerase-deficient
mice accumulated significantly higher numbers of DNA breaks lead-
ing to the induction of cell-cycle arrest and apoptosis. These results
stand in agreement with the hypothesis that telomerase is required
to promote survival of chromosomal-unstable tumors by preventing
the accumulation of DNA damage. Telomere dysfunction leads to
an accumulation of DNA breaks by the induction of chromosomal
fusions and breakage of chromosomes during the cell cycle. In this
context, telomerase activation stabilizes telomeres, thereby prevent-
ing accumulating DNA breakage and checkpoint induction.

Together, these data provide the first in vivo proof-of-concept that
transient telomere dysfunction during early or late stages of tumori-
genesis can increase cancer initiation and progression in telomerase-
proficient mice and support the stepwise role of crisis and telomer-
ase reactivation during tumor initiation and progression.

Methods
Generation of transgenic mice, bistological analysis, and MRI. C57BL/6];Tg(teto
pTRF248AM)3 mice were obtained by pronuclear injection of a transgenic
construct containing a purified 2.7-kb enzyme fragment containing the
human TRF228AM transgene under the control of a tetracycline-regulated
promoter (TRE; tetO) and an SV40 poly A signal sequence into oocytes from
C57BL/6] mice. rTAMP-1 (25) mice were backcrossed 7 times to C57Bl/6]
mice and then bred to C57BL/6];Tg(tetopTRF245AM) 3 mice expressing a
dominant-negative form of TRF2 (TRF2454M) under the tetO promoter.
DEN was administered to the progeny of this intercross at day 15 after birth
Volume 122 Number 6
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(8 mg/kg body weight) by intraperitoneal injection. For transient hepatic
expression of TRF225AM mice were treated with intrasplenic injections of
doxycycline (50 ug/g body weight) at either 2, 2.5, and 3 months of age or
at 12 to 14 months of age. See Supplemental Methods for further details.

Protein isolation and Western blot, qFISH, immunofluorescence stainings, array
CGH profiling cross species analysis, and gene expression analysis. The GEO acces-
sion number is GSE36813. See Supplemental Methods for details.

Statistics. Statistical analysis was performed using Microsoft Excel and
GraphPad Prism software. The 2-tailed Student’s ¢ test was used to cal-
culate P values, except for those in Table 1, for which the y? test was used.
Data represent mean + SEM. P < 0.05 was considered significant.

Study approval. The Institutional Review Board of the University of Ulm
approved the study. Animal experiments were approved by the state gov-

ernment of Baden-Wiirttemberg, Tiibingen, Germany.
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