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Summary

Telomeres are nucleoprotein complexes at the end of
eukaryotic chromosomes, with important roles in the
maintenance of genomic stability and in chromosome
segregation. Normal somatic cells lose telomeric repeats
with each cell division both in vivo and in vitro. To
address a potential role of nuclear architecture and
epigenetic factors in telomere-length dynamics, the
length of the telomeres of the X chromosomes and the
autosomes was measured in metaphases from blood lym-
phocytes of human females of various ages, by quanti-
tative FISH with a peptide nucleic-acid telomeric probe
in combination with an X-chromosome centromere—
specific probe. The activation status of the X chromo-
somes was simultaneously visualized with antibodies
against acetylated histone H4. We observed an accel-
erated shortening of telomeric repeats in the inactive X
chromosome, which suggests that epigenetic factors
modulate not only the length but also the rate of age-
associated telomere shortening in human cells in vivo.
This is the first evidence to show a differential rate of
telomere shortening between and within homologous
chromosomes in any species. Our results are also con-
sistent with a causative role of telomere shortening in
the well-documented X-chromosome aneuploidy in ag-
ing humans.

Introduction

Telomeres are nucleoprotein complexes located at the
end of eukaryotic chromosomes. They play important
roles in the maintenance of genomic integrity. Since the
conventional DNA replication is unable to replicate the
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very ends of linear chromosomes, normal somatic cells
lose telomeric repeats with each cell division, both in
vivo and in vitro. The enzyme telomerase, with associ-
ated proteins (Greider and Blackburn 1985) and other
telomerase-independent mechanisms (Biessman and Ma-
son 1997; Colgin and Reddel 1999), counteracts the
progressive shortening of telomeres in highly prolifera-
tive cell types such as immortal cell lines, cancer cells,
and stem cells. Although telomerase is also expressed in
hematopoietic stem cells and lymphocytes, the level of
telomerase activity in these cells appears to be insuffi-
cient to prevent gradual telomere shortening with age
(Hastie et al. 1990; Harley 1995; Rufer et al. 1999).

Although telomere shortening in normal cells is re-
lated to the end replication problem (Greider 1996) the
mechanisms that result in a variable loss of ~50-200 bp
of telomeric DNA per cell division remain incompletely
understood. To address the role of epigenetic factors
such as nuclear architecture and chromatin structure in
replicative telomere shortening we have employed a
novel experimental model based on the study of the X-
chromosome telomeres in human female cells. This ap-
proach is based on the phenomenon of X-chromosome
inactivation (X inactivation) in mammalian cells, where
all but one X chromosome are transcriptionally silenced
(Lyon 1961). Thus, one of the X chromosomes in normal
female mammalian cells becomes facultatively hetero-
chromatic, highly condensed, and tightly associated with
the nuclear membrane. The inactive state is initiated
early in embryogenesis and then, by epigenetic mecha-
nisms, is maintained in the somatic lineage in all future
cell generations (for reviews on X inactivation, see Heard
etal. 1997; Willard 1996). The resulting inactive X chro-
mosome (Xi) in mammalian females is distinguished by
the lack of acetylated histones, with the practical con-
sequence that antibodies against acetylated histone H4
can be used to visualize the Xi both in metaphase (Jep-
pesen and Turner 1993; Surrallés and Natarajan 19984)
and in interphase (Surrallés et al. 1996).

In the present study, the length of the telomeres of the
X chromosomes and the autosomes was measured in
female blood lymphocytes of different ages by combin-
ing X-chromosome centromere—specific FISH and quan-
titative FISH (Q-FISH) with a telomeric peptide nucleic-
acid (PNA) probe (Lansdorp et al. 1996; Zijlmans et al.
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Figure 1 Detection of telomeres of Xa and Xi and of autosomes
by simultaneous acetylated histone H4 immunolabeling and FISH with
centromeric and telomeric PNA probes. a, Chromosomes counter-
stained in blue, with DAPL b, Acetylated histone H4 detected in green
FITC fluorescence. ¢, X-chromosome centromeres and telomeres vi-
sualized in orange-yellow Cy-3 fluorescence. Both X chromosomes
(arrowbhead) are easily distinguishable by the centromeric Cy-3 signal.
The Xi is distinguished from the transcriptionally active chromosomes,
including the Xa, by its lack of acetylated histone H4 (b, upper right
corner).

1997). The activation status of the X chromosomes was
simultaneously visualized with antibodies against acet-
ylated histone H4 (see fig 1). By use of this approach,
it was possible, for the first time, to measure the age-
related telomere shortening of individual chromosomes,

Am. ]J. Hum. Genet. 65:1617-1622, 1999

including all autosomes, the active X chromosome (Xa),
and the Xi.

Material and Methods

Cell Sampling, Culture Procedures, and Acetylated
Histone H4 Immunolabeling

Heparinized whole blood was obtained from 15 fe-
male donors belonging to three clearly distinguishable
age groups with 30-35-year intervals: five samples of
umbilical cord blood, five middle-age women (34.6 +
4.8 years old), and five elderly women (63.4 + 4.0 years
old). Lymphocytes were isolated, cultured, and harvested
as described elsewhere (Surrallés et al. 1996). Metaphase
spreads from lymphocytes were prepared under acid-free
conditions as described elsewhere, to preserve the anti-
genicity of the histones (Jeppesen and Turner 1993; Sur-
rallés et al. 1996) except that cells were dropped on the
slides by use of a Shandon Cytospin-3 cytocentrifuge.
After cytocentrifugation, slides were processed for acet-
ylated histone H4 detection, with a rabbit antiserum
against acetylated histone H4 and fluorescein isothio-
cyanate (FITC)—conjugated anti-rabbit antibodies as de-
scribed in detail elsewhere (Jeppesen and Turner 1993;
Surrallés et al. 1996). Then the slides were postfixed in
10% formaldehyde for 15 min at room temperature,
rinsed in water, air-dried, and kept until processing by
FISH.

FISH with Centromeric and Telomeric PNA Probes

FISH was performed on the slides, with Cy-3-labeled
PNA probes for telomeres and X-chromosome centro-
meres. The details of PNA-FISH methodology are ex-
plained elsewhere (Lansdorp et al. 1996; Zijlmans et al.
1997; Martens et al. 1998). Before the processing for
PNA-FISH, the slides were pretreated as follows (Sur-
rallés et al. 1996; Surrallés and Natarajan 19984): 30-
s wash in 0.1 M NaOH, 30 s in 10 mM Tris pH 7.5,
and 30-s wash in dH,0 at room temperature. The slides
were then dehydrated with sequential washes in 70%,
90%, and 100% ethanol. The slides were air-dried and
washed with PBS, fixed in formaldehyde (4%) in PBS
for 2 min, washed again with PBS (three times for 5§ min
each), and then treated with pepsin at 1 mg/ml at pH 2
(10 min at 37°C). Formaldehyde fixation and washing
steps were repeated and slides were dehydrated in in-
creasing series of ethanol and were air-dried. Hybridi-
zation mixture containing 70% formamide, 0.5 ug of
Cy-3-conjugated telomere (CCCTAA),/ml and X-chro-
mosome centromere—specific (ATACACTTGCAGATTC
and CCCATAACTAAACAC) PNA probes (PBIO/Bio-
search Products), and 0.25% (w/v) blocking reagent
(DuPont) in 10 mM Tris (pH 7) was placed on the slides
and was covered with 24 x 60-mm coverslips. Slides
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Figure 2 Telomere fluorescence of the Xa, Xi, and all chro-
mosomes (All) measured in lymphocyte metaphases from five new-
born, five middle-aged (34.6 = 4.8 years old), and five elderly females
(63.4 + 4.0 years old). Fluorescence intensities of all four telomeres
of all the chromosomes from a minimum of 15 metaphases per donor
were measured by Q-FISH with a telomeric PNA probe. Mean fluo-
rescence intensities, standard errors, and SD are represented by middle
points (squares, triangles, and circles), boxes, and whiskers,
respectively.

were denatured for 3 min at 80°C along with hybridi-
zation mixture, and hybridization was allowed to occur
at room temperature in a humid chamber for 2 h. Slides
were then washed with 70% formamide/10 mM Tris
(pH 7.2; twice for 15 min each) and with 0.05 M Tris/
0.15 M NaCl (pH 7.2) containing 0.05% Tween-20
(three times for 5 min each). After dehydration with an
ethanol series, slides were air-dried and counterstained
with 0.2 ug of DAPI/ml, in antifading solution Vecta-
shield (Vector Laboratories).

Quantitative Image Analysis

Digital images were recorded with a Microlmager
MI1400-12 camera (Xillix) on an Axioplan fluorescence
microscope (Zeiss). Microscope control and image ac-
quisition were performed with dedicated software (SSM;
Xillix). Separate DAPI and Cy-3 images were subjected
to telomere and X-chromosome—centromere fluores-
cence analysis by use of a dedicated computer program,
TFLTELO (Martens et al. 1998). All four telomeres of
all chromosomes from a minimum of 15 metaphases per
donor were analyzed by Q-FISH. The fluorescence in-
tensities of the Xa and Xi centromeres were measured
in exactly the same method and on the same metaphases
as were acquired for the telomere length measurements.

Results and Discussion

The telomere fluorescence of both X chromosomes
and the autosomes was measured in metaphases from
blood lymphocytes of human females of various ages,
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by combining the PNA probes for X-chromosome cen-
tromere-specific FISH and Q-FISH with a PNA telo-
meric probe. The activation status of the X chromo-
somes was simultaneously visualized with antibodies
against acetylated histone H4 (fig. 1).

All four telomeres of each chromosome from a min-
imum of 15 metaphases per donor were analyzed in the
present study, giving a minimum of 900 telomere signals
measured in the Xa, 900 in the Xi, and >30,000 in the
autosomes. The results are presented in table 1 and are
summarized in figure 2. The overall telomere fluores-
cence decreased with age (P < .001), as expected (Harley
1995). In the middle-aged group, the Xi telomeres were
shorter than the telomeres of all other chromosomes,
including Xa (P = .002). This difference was even more
pronounced in the elderly donors (P < .001) but was not
observed in the newborn individuals (P = .8). These re-
sults were consistently seen in both short- and long-arm
telomeres (table 1). No differences were observed be-
tween the Xa telomeres and the telomeres of all chro-
mosomes in any of the age groups or after pooling of
the data from the three age groups. When the slopes of
the age-related declines obtained with the different chro-
mosomes were compared, the rate of Xi telomere short-
ening was higher than that observed either for all telo-
meres on all chromosomes (F = 6.4739; P < .01) or for
the Xa telomeres (F = 7.5372; P < .01). The similar tel-
omere fluorescence in the Xa and Xi chromosomes in
the younger age group argues against the differences in
the efficiency of telomere FISH between Xi and Xa as
an explanation for our findings. This is further sup-
ported by the constant centromere fluorescence obtained
with a different PNA probe for X-chromosome centro-
meres in the different age groups (fig. 3). From these
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Figure 3 Centromere fluorescence of the Xa and Xi measured

in the same lymphocyte metaphases acquired to generate figure 2. The
centromere intensity of the Xa and the Xi was measured by Q-FISH
with a centromeric PNA probe. Mean fluorescence intensities, standard
errors, and SD are represented by middle points (¢riangles and circles),
boxes and whiskers, respectively.
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Table 1
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Telomere Fluorescence Intensity in Human Chromosomes as Measured by Q-FISH with a PNA Telomeric Probe

MEAN + SE FOR

AGE All chromosomes Active X Inactive X

DONOR (years)  All Arms p Arms q Arms All Arms p Arms q Arms All Arms p Arm q Arm

D1 0 1032+ .2 1045+ .2 10.19 £ .2 10.33 £.5 10.35 =£.7 1031 = .8 10.50 = 1.3 10.56 + 2.4 10.44 = 1.0
D2 0 901 +.2 9403 8633 9346 873x.7 99+ 9 888 5 818x .7 959+ 8
D3 0 12.70 £ .2 13.54 £ 3 1186 = .3 11.79 + 6 1248 = .7 11.10 = 9 1148 = .7 12.49 = 1.1 10.48 = 0.7
D4 0 11.58 =+ .2 11.82 = .3 1134 = 3 11.16 = .6 11.14 =+ .8 11.18 = .9 1080 = .9 10.14 = .7 1147 £ 1.6
DS 0 1035 £ .3 1045 £ 4 1025+ .3 989 .7 962+ .9 10.16 1.0 990 6 996 1.0 9.84 = .8
D6 29 6.24 = .1 §59+.1 659+.2 656+x4 662+x.6 650 6 501 2 531+ 4 470 3
D7 31 540 +.1 528+.1 552+.1 576+ .4 600x.5 551+ 5 429+ 3 411+ 4 448+ 6
D8 34 6.44 = .1 633 +.2 654 +.2 6884 727+x.7 649+ 5 405+ 2 410=x 3 399+ 3
D9 39 534 +.1 4791 602x.1 490+3 517+.5 463+ 3 336+ .1 353+ 2 318+ 2
D10 40 583 + .1 S16 .1 657+ .2 S21+.5 S§550=+x.6 492+ 8 402+ 5 422+ 8§ 382+ .7
D11 60 472 £ .1 441+ .1 504 .1 427+ .2 436+ .2 419+ 3 225+ .1 263+ 2 187 .1
D12 61 394 +.1 399+.1 389+.1 396+.3 388 +.3 405+ 4 233+ 2 271 2 195+ 2
D13 62 384 +.1 4121 355+.1 3932 415+.2 371+ 3 206+ .1 231+ 2 180=% .1
D14 64 431 .1 359+.1 511 +.1 450+x.3 419+ .4 482+ 4 243+ 2 254+ 3 232+ 2
D15 70 325 +.1 339+.1 311 +x.1 365+.2 335+x.2 395+ 2 215+ 1 258+ 2 172+ 1

results, we conclude that the rate of telomere shortening
in Xi is higher than that observed for autosomal or Xa
telomeres.

To our knowledge, this is the first evidence to show
a differential rate of telomere shortening between and
within homologous chromosomes in any living organ-
isms. Considering that Xi telomeres are part of the highly
condensed Barr body, our results could be explained by
a lower accessibility of Xi telomeres to telomere-main-
tenance mechanisms such as telomerase or recombina-
tion. This would be consistent with the laser-scanning
confocal-microscopy observation that the Xi telomeres
are internally located in the Xi nuclear region (Dietzel
el al. 1998). According to this idea, the rate of telomere
shortening in the Xa and Xi would be similar until a
critical length is reached. Recent studies suggest that all
mammalian telomeres end in a loop structure (Griffith
et al. 1999). The minimum length to form such a loop
or the consequences of reaching the threshold telomere
length could be different in the Xa and Xi. The involve-
ment of DNA-repair pathways in normal telomere main-
tenance (d’Adda di Fagagna et al. 1999) is compatible
with the observation that short telomeres appear to ac-
cumulate prior to replicative senescence in cultures of
diploid human fibroblasts (U. M. Martens, E. A. Chavez,
S. S. S. Poon, C. Schmoor, P. M. Lasdorp, personal com-
munication). Failure of short telomeres to trigger an ef-
ficient DNA-damage response or inefficient DNA repair
at telomeres of the Xi would result in continued telomere
shortening in the Xi. This is consistent with the reported
heterogeneity in X-ray—induced double-strand break re-

pair between the Xa and Xi (Surrallés and Natarajan
1998b).

In mouse (Zijlmans et al. 1997) and hamster (Slijep-
cevic et al. 1997) chromosomes, telomeres close to the
centromere (p-arm telomeres) are shorter than telomeres
more distant to centromeres (q-arm telomeres), sug-
gesting that centromere position might exert some dis-
tance-dependent effect on telomere length (Slijepcevic
1998). This could also explain our observations, con-
sidering that the condensed structure of the Barr body
could lead to a shorter distance between telomeres and
centromeres in the Xi. Alternatively, the late replication
of the Xi (Willard and Latt 1976) could decrease telo-
mere extension by recombination or by telomerase. Pos-
sibly, X inactivation itself could lead to accelerated tel-
omere shortening. Whatever the explanation, our results
suggest that the rate of replicative telomere shortening
in aging human cells is not constant but is modulated
by epigenetic factors.

Telomeres are known to play a key role in chromo-
some segregation (Sandell and Zakian 1993; Blasco et
al. 1997; Kirk et al. 1997; Hande et al. 1999). Since the
pioneering work of Jacobs and coworkers in the early
1960s, it has been known that the rate of aneuploidy in
cultured lymphocytes increases with advancing age (Ja-
cobs et al. 1961, 1963), with an extreme overinvolve-
ment of the X chromosome in women (Fitzgerald and
McEwan 1977). Perhaps the loss of a sex chromosome
is tolerated better than the loss of an autosomal chro-
mosome. Although selective survival may explain the
high frequency of cells with sex-chromosome aneuplo-
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idy, the mechanism by which such chromosomes are so
frequently lost is not known. According to our results,
an age-related loss of centromeric alphoid sequences of
the X chromosomes is unlikely, since the centromeric
fluorescence of both X chromosomes is stable with in-
creasing age (fig. 3). However, our data are consistent
with a potential causative role of telomere shortening in
the age-related sex-chromosome aneuploidy in humans.
Thus, although the decrease in telomere length is more
substantial at a young age than in later years (Rufer et
al. 1999; present study), telomeres would reach a critical
short length and lose their function in chromosome seg-
regation in older individuals, especially in the Xi. Spe-
cifically designed studies are needed to further test this
hypothesis.
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