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The molecular mechanisms of cellular mortality have recently
begun to be unraveled. In particular, it has been discovered
that cells that lack telomerase are subject to telomere attrition
with each round of replication, eventually leading to loss of
telomere capping function at chromosome ends'-5. Critically
short telomeres and telomeres lacking telomere-binding pro-
teins lose their functionality and are metabolized as DNA
breaks, thus generating chromosomal fusions'-8. Telomerase
activity is sufficient to rescue short telomeres and confers an
unlimited proliferative capacity®'1. In addition, the tumor-
suppressor pathway Cdkn2a/Rb1 has also been implicated as a
barrier to immortalization'2-'4, Here, we report a connection
between the members of the retinoblastoma family of pro-
teins, Rb1 (retinoblastoma 1), Rbl1 (retinoblastoma-like 1) and
RbI2 (retinoblastoma-like 2), and the mechanisms that regu-
late telomere length. In particular, mouse embryonic fibrob-
lasts doubly deficient in Rb/1 and RbI2 or triply deficient in
Rbl1, RbI2 and Rb1 have markedly elongated telomeres com-
pared with those of wildtype or Rb1-deficient cells. This dereg-
ulation of telomere length is not associated with increased
telomerase activity. Notably, the abnormally elongated telom-
eres in doubly or triply deficient cells
retain their end-capping function, as
shown by the normal frequency of
chromosomal fusions. These findings
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To investigate the role of the members of
the Rbl family in controlling telomere
length, we measured telomere length in
primary mouse embryonic fibroblasts
(MEFs) with the genotypes RbI7-,
Rbl17"~ RbI27"~ (DKO) and Rb1~'~ Rbl1~~
RbI27~ (TKO) and in wildtype con-

Fig. 1 Deregulation of telomere length in DKO
and TKO cells. a, Representative TRF analysis of
wildtype MEFs and several independent Rb71,
DKO and TKO MEFs at different passages. DKO
and TKO MEFs had higher-molecular-weight TRF
fragments than did the corresponding wildtype
cells. Letters denote independent MEF cultures.
b, TRF analysis of TKO MEFs at different passages
using the 3T3 protocol. There was a shift toward
larger TRF fragments in later passages compared
with earlier passages.

trols'>. First, we used terminal restriction fragment (TRF) analy-
sis to estimate telomere length”. Early-passage Rb1*/* and Rb1~/~
MEFs showed TRFs of similar sizes, indicating that Rb1 defi-
ciency did not alter telomere length (Fig. 1a). Notably, both DKO
and TKO MEFs had larger TRFs than did the corresponding
wildtype controls, suggesting a ‘long-telomere’ phenotype in
these cells (Fig. 1a). The telomere elongation was more pro-
nounced in TKO cells than in DKO cells. The fact that the elon-
gated telomeres of DKO and TKO cells were not observed in any
of the Rb1~~ MEFs that we studied suggests that the long-telom-
ere phenotype is specifically associated with deficiency in RblI,
RbI2 or both, but not with deficiency in Rb1 alone. We cannot,
however, rule out the possibility that deficiency in RbI combined
with deficiency in either RblI or RbI2 may have an effect on
telomere length—DKO primary MEFs with functional Rb1 pro-
tein showed elongated telomeres at the earliest passage studied
(passage (p) 1), whereas TKO MEFs at a similar passage, which
lack Rb1, showed two distinct populations with either normal-
length or elongated telomeres (Fig. 1a). At later passages (p8 for
TKO-B, p20 for TKO-C), however, most of the telomeres seemed
to be elongated in TKO cells (Fig. 1a).
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mulated passages, the population having normal-length telom- tative fluorescence in situ hybridization (Q-FISH) of metaphase
eres decreased concomitantly with an increase in the population nuclei using a telomere-specific probe. Telomere-length his-
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Fig. 2 Abnormally elongated telomeres in DKO and TKO cells as determined by Q-FISH. a, Telomere-length distribution
of Rb17~, Rb1**, DKO, TKO and wildtype MEFs. In early-passage TKO MEFs, two peaks corresponding to normal-length
and elongated telomeres were observed. n, total number of telomeres analyzed from each MEF. Letters denote inde-
pendent MEF cultures. b, Representative Q-FISH images of metaphase and interphase nuclei from TKO MEFs. Telomere
fluorescence is indicated by yellow dots.

12.3 kb and 87.0 = 26.9 kb,
respectively (data are mean *
s.d.; Table 1).

Early-passage Rb17~ MEFs
(p2) showed a telomere length
distribution similar to that of
RbI*"* MEFs (Fig. 2a), with
average lengths 0f45.2 £ 15.8 kb
and 42.9 + 14.2 kb, respectively
(Table 1). Increasing passages
of the Rb1~~ cells (up to p8)
did not show telomere shorten-
ing, in agreement with telom-
erase activity in these cells
(Table 1). In contrast, early-pas-
sage DKO MEFs (DKO-A pl)
had significantly longer telom-
eres than did wildtype controls
(wt-A pl; P < 0.0001; Fig. 2a),
with average lengths of 61.3 +
18 kb and 44.5 + 15.4 kb,
respectively (Table 1). Increas-
ing passages of two indepen-
dent DKO MEFs (DKO-A p2,
DKO-A p4 and DKO-B p3)
also showed elongated telom-
eres compared to wildtype
controls at similar passages
(Fig. 2a, Table 1). Therefore,
DKO MEFs showed a long-
telomere phenotype at the ear-
liest passage studied, which
was maintained with increas-
ing passages.

Notably, as TKO cells accu-
mulated passages, the percent-
age of metaphases with
normal-length telomeres
decreased from 87% at p0 to
0% at p9 (Tables 1 and 3). Two
additional TKO MEF cultures,
TKO-B and TKO-C, also
showed rapid telomere elonga-
tion, reaching lengths similar
to those found for the TKO-A
MEF culture (Fig. 2a, Table 1).
These results indicate that in
TKO MEFs, a rapid selection of
cells with deregulated telomere
length occurs with passaging.
Although TKO MEFs behave as
immortal, there was a modest
but reproducible increase in
cell death at early passages
(p4-6) that disappeared after
p6-9, coincidental with a selec-
tion of cells with a smaller-
sized morphology (data not
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Table 1 ¢ Telomere lengths in MEF cultures of

different genotypes as determined by Q-FISH

Average Metaphases Number of % undetectable
Genotype p arm, kb q arm, kb p+q, kb analyzed telomeres telomeres
Rb1++ p2 38.3+13.4 47.7 £15.0 429+ 14.2 10 1,592 0
Rb1p2 41.1+15.2 494+ 16.4 452 +15.8 10 1,568 0
Rb1--p8 34.1+13.9 50.5+23.0 423 +18.5 10 1,736 0.17
wt-mix p1 39.8+17.4 51.3+194 455+ 18.4 10 1,424 0.07
wt-A p1 39.9+14.7 49.0+15.9 445+ 154 10 1,584 0.13
wt-A p2 35.6+13.9 414+ 139 38.5+13.9 10 1,584 0.25
wt-A p4 37.1+14.2 442 +14.8 40.7 £ 145 10 1,572 0.06
DKO-A p1 56.2 +15.1 66.5 + 30.0 61.3+18.0 10 1,548 0.26
DKO-A p2 54.3 +16.9 65.2+22.4 59.7 + 19.6 10 1,584 0.19
DKO-A p4 52.4+15.0 63.7 + 19.1 58.1+17.1 10 1,404 0.28
DKO-B p3 60.4 +16.2 71.1£20.0 65.7 + 18.1 10 1,556 0.13
TKO-A p12@ 27.8+9.8 40.2 +14.9 33.9+123 10 1,568 0.45
76.5+24.3 97.8+£29.6 87.0£26.9 2 312 0
TKO-A p22 294+ 113 44.1 £ 16.2 36.8+13.8 10 1,579 0.38
69.6 + 27.4 110.6 +32.6 90.1 +29.9 3 453 0.22
TKO-A p42@ 22.1+10.7 37.0+14.2 29.6 +12.5 10 1,740 0.98
77.3+£31.0 107.2 +36.8 92.3+33.6 10 1,388 0.58
TKO-A p62 253+ 155 38.7+15.2 320+ 14.4 10 1,532 1.1
75.8 +31.7 111.5+42.4 93.6 +37.0 10 1,836 0.65
TKO-A p11P - - - 0 0 -
77.8+37.3 114.9+78.9 96.3 + 58.1 10 1,856 0.86
TKO-B p8 77.3+228 95.2 +31.1 86.2 +26.9 10 1,728 0.29
TKO-C p20 74.8 +453 98.6 +42.6 86.7 +44.0 10 2,780 0.68

aTelomere length was determined for both the population of cells with normal telomeres (top row) and that with long telomeres (bottom row). POnly

metaphases with long telomeres were present.

shown). Our results suggest that those TKO cells that are selected
with passaging and that are immortal also show deregulated
telomere length. It is important to note that the disappearance of
cells with normal telomeres from the TKO MEF cultures was not
a result of extreme telomere shortening with increasing passages
in these cells (Table 1). The long-telomere phenotype of the TKO
cells was probably not responsible for their immortality, as pri-
mary DKO cells, which also showed elongated telomeres, were
not immortal and showed the typical senescence-like arrest after
5-10 population doublings in culture!®. It was the additional loss
of Rb1 that seemed to permit TKO MEFs with abnormally elon-
gated telomeres to divide immortally.

We next examined whether the long telomeres of DKO and
TKO cells retained their end-capping function by measuring the
frequency of end-to-end chromosomal fusions, which result
from dysfunctional telomeres”!6-1°. We classified end-to-end
fusions into those that involve the p arms of chromosomes
(robertsonian-like fusions) and those that involve the q arms
(dicentric fusions). Q-FISH analysis of each MEF showed no
robertsonian-like fusions and low frequencies of dicentric
fusions, suggesting that telomeres were functional (Table 2). In
addition, none of the MEFs that we studied showed markedly
higher frequencies of undetectable telomeres (TTAGGG signal-
free ends; Table 1, Fig. 2a), another hallmark of telomere dys-
function®!%. Accumulation of passages in TKO cells did not
result in dysfunctional telomeres either, as indicated by the low
percentage of undetectable telomeres and by the low frequency of
end-to-end fusions (Tables 1 and 3).

A complementary way to study telomere integrity is to test the
binding of TTAGGG-binding proteins, such as Terfl (ref. 20), to
the telomeres. Binding of Terfl to the telomere is proportional to
the length of TTAGGG repeats?!23. We studied binding of Terfl
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to the telomeres by immunofluorescence on interphase nuclei.
Late-passage TKO cells (TKO-C p20) showed significantly
greater Terfl fluorescence per interphase telomere than did wild-
type controls (734.8 + 381.3 and 421.8 + 233.5 arbitrary units of
fluorescence, respectively; P = 3.5 x 107>), suggesting that more
Terfl molecules were bound to TKO telomeres, in agreement
with elongated telomeres in these cells (Fig. 3). Late-passage
TKO cells also showed more Terfl spots per interphase nucleus
(Fig. 3b), probably reflecting the fact that these cells are aneu-
ploid (S.G., M.G.-C,, R. Eguia, S. Cotter, T. Jenuwein, M.A.B. and
D.C.D., unpublished results).

Table 2 ¢ Frequency of chromosomal aberrations per
metaphase in Rb71--, Rb1++, DKO, TKO and wildtype MEFs

Number of  Telomere fusions Telomere fusions
Genotype metaphases (dicentric) (robertsonian-like)
wt-mix p1 50 0 0
wt-Ap1 50 0 0
wt-A p2 50 0 0
wt-A p4 50 0 0
DKO-A p1 50 0 0
DKO-A p2 40 0 0
DKO-A p4 50 0 0
DKO-B p3 50 0 0
TKO-A p1 50 0.040 0
TKO-B p8 50 0 0
TKO-C p20 50 0.025 0
Rb1++ p2 50 0 0
Rb17-p2 50 0 0
Rb1-- P8 50 0 0
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Fig. 3 Greater binding of Terf1 to TKO telomeres. a, Average Terf1 fluorescence
(in arbitrary units, a.u.) of interphase telomeres as determined by Q-FISH. Terf1
fluorescence was significantly greater in TKO than in wildtype (wt) cells, as
indicated by a Student's t-test (P = 3.5 x 1075). We analyzed more than 40 nuclei
for each genotype. b, Representative images of Terf1 spots (yellow) in DAPI-
stained interphase nuclei (blue). Terf1 signals (yellow) were more intense in
TKO than in wildtype cells.

To address whether the effect on telomere length was a result of
changes in telomerase expression, we carried out telomeric
repeat amplification assays. All the genotypes that we studied
showed similar levels of telomerase activity at different passages
(data not shown), suggesting that the long-telomere phenotype
was not associated with changes in telomerase activity. We can-
not, however, rule out the possibility that the accessibility of the
telomere to telomerase was altered in DKO and TKO cells, as
recently shown for Xrcc5-deficient cells?®. The access of telom-
erase to the telomere could be influenced, for instance, by the sta-
tus of the telomeric chromatin. Alternatively, DKO and TKO cells
could have activated mechanisms for telomerase-independent
telomere elongation, known as alternative lengthening of telom-
eres?®, that could co-exist with telomerase activity”. In this
regard, it is relevant to note that late-passage TKO cells have long
and heterogeneous telomeres (Fig. 1a), a hallmark of activation
of alternative lengthening of telomeres??.

The results presented here indicate that members of the Rbl
protein family are key regulators of telomere length in mam-
malian cells. This finding links, for the first time, the regulation
of telomere length with cell-cycle control. It is possible that the
Rb1 family members could have a direct role in regulating telom-
ere length or telomere structure independent of their role in cell-
cycle regulation. Notably, disruption of members of the Rbl
pathway results in rapid telomere elongation, which, in turn,
may help to sustain immortal or tumor growth. This finding
could be the basis for the lifespan extension exerted by a number
of viral oncoproteins that inactivate the Rb1 family.
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Methods

Cells. We used a mixed C57BL/6-129/Sv genetic background for the DKO
and TKO MEFs as previously described!®. For some genotypes, we used
several independent MEF cultures, denoted as A, B and/or C. In all experi-
ments, we matched the DKO and TKO MEFs with wildtype MEFs of a sim-
ilar genetic background?®. Wildtype MEFs from a different mixed genetic
background (C57BL/6]-129/Sv-S]JL; ref. 7) were also included where indi-
cated; these MEFs are named wt-mix. Telomere length in wildtype MEFs
from either mixed genetic background was similar. The genetic back-
ground of the Rb1~~ and Rb1*/* MEFs was a pure C57BL/6] genetic back-
ground (JAXMICE, strain name B6.129S2-Rb1, stock 002102). We carried
out the 3T3 passaging protocol as described’”. The earliest passage after
MEFs isolation was considered p1.

Telomere length measurements. We carried out TRF analysis and Q-FISH
hybridization as previously described”!”. To correct for lamp intensity and
alignment, we analyzed images from fluorescent beads (Molecular Probes)
using the TFL-Telo program (gift from P. Lansdorp). Telomere fluorescence
values were extrapolated from the telomere fluorescence of lymphoma cell
lines LY-R (R cells) and LY-S (S cells)?” with known telomere lengths of 80
and 10 kb, respectively (E. Samper and M.A.B., unpublished results). There
was a linear correlation (r> = 0.999) between the fluorescence intensity of
the R and S telomeres with a slope of 38.6. The calibration-corrected telom-
ere fluorescence intensity was calculated as described?®. We recorded the
images using a COHU CCD camera on a fluorescence microscope (DMRb,
Leica). A mercury vapor lamp (CS 100 W-2; Philips) was used as source. We
captured the images using the Leica Q-FISH software at 400-ms integration
time in a linear acquisition mode to prevent oversaturation of fluorescence
intensity. We used the TFL-Telo software?® to quantify the fluorescence
intensity of telomeres from at least 10 metaphases for each data point. For
chromosomal aberrations, we analyzed approximately 50 metaphases for
each data point as described®728, All metaphases were captured on the
same day, in parallel and blindly. All the images from the MEFs were cap-
tured within 3 d after the hybridization.

Telomerase assay. We used a modified version of the telomeric repeat
amplification protocol to measure telomerase activity on S-100 extracts
from all the MEFs that we studied as described’. A control for PCR effi-
ciency, IC, was included in each reaction (TRAPeze kit, Oncor).

Immunofluorescence. For immunostaining with antibodies against Terfl,
we seeded 2 x 104 cells in multiwell immunofluorescence slides (Lab-Tek).
After 24 h in culture, we washed the cells twice with PBS and fixed them in
4% paraformaldehyde/PBS for 20 min. Cells were then washed twice with
PBS and treated with 0.1% Triton X-100 in PBS at 25 °C for 15 min fol-
lowed by two washes with PBS. After blocking with 2% BSA in PBS at 4 °C
overnight, we incubated the cells with rabbit polyclonal antibody against
mouse Terfl (#644; gift from T. de Lange) diluted 1:200 in PBS containing
2% BSA for 1 h at 25 °C. After two washes with PBS/0.05% Triton X-100,
we incubated the cells for 1 h at 25 °C with secondary goat antibody against
rabbit IgG conjugated with Cy3 and diluted 1:400 in PBS/2% BSA. After
two PBS washes, slides were counterstained with 4',6-diamidino-2
phenylindole (DAPI; 0.2 g ml~!) in Vectashield (Vector Laboratories). We
recorded the images usinga COHU CCD camera on a fluorescence micro-
scope (DMRb, Leica). A mercury vapor lamp (CS 100 W-2; Philips) was
used as light source. We captured the images using the Leica Q-FISH soft-
ware at 400-ms integration time in a linear acquisition mode to prevent

Table 3 ¢ Frequency of chromosomal aberrations per
metaphase in increasing passages of TKO-A MEFs

TKO-A Number Telomere Telomere % metaphases
passage of fusions fusions with normal
number metaphases (dicentrics) (robertsonian-like) telomeres

p0 47 0 0 87

p2 48 0 0 71

p4 46 0 0 48

p6 51 0 0 16

p9 49 0.02 0 0

p11 49 0 0 0
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oversaturation of fluorescence intensity. TFL-Telo software (gift from
P. Lansdorp) was used to quantify the fluorescence intensity of Terfl spots
from at least 40 interphase nuclei.
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