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Abstract

We have investigated a single telomere expansion in a
case of acute lymphoblastic B-cell leukemia (B-ALL),
where half of the cells in the bone marrow sample
appeared with a Philadelphia chromosome. Comparing
telomere sizes in Philadelphia-positive versus -nega-
tive cells, we found generally shorter telomeres in the
Philadelphia-positive cells, but with an expansion of the
telomere on the long arm of one chromosome 11
homologue. This expansion was also found in a minority
of Philadelphia-negative cells. The telomeres in these
cells were of the same overall size as the telomeres in
the Philadelphia-negative cells without the 11q expan-
sion. Together, these findings suggest that the order of
events was: 11q telomere expansion, Philadelphia
translocation, overall telomere shortening. The ex-
panded 11q telomere contained the standard telomeric
(AGGGTT), repeat, but also variant repeat sequences.
The single telomere expansion suggests a non-telo-
merase mechanism behind the expansion which may
also explain the presence of variant repeats in the
expanded telomere. The present case illustrates that
telomere changes may occur at only some chromo-
some ends in a subset of cells. To reveal such
changes, telomere morphology should be studied with
in situ methodology.

Keywords: telomere repeats, telomere expansion, Philadelphia chromosome, PRINS, B -
ALL.

Introduction

All human chromosome ends are capped with tandem
repetitions of the six-base repeat unit, AGGGTT [1]. These
repeats are added to the chromosome ends in germ line cells
by the specialized enzyme telomerase [2]. In most somatic
cells, telomerase is not active, and telomeres shorten with
every round of cell division, eventually causing mitotic arrest
[3,4]. To avoid this cell cycle arrest, cancer cells are forced
to find ways of compensating for the telomere shortening [5].
This may obviously be accomplished by reactivation of the
telomerase [5,6]. It has, however, been reported that tumor
samples may be negative for telomerase, and still have the
same average telomere size as samples positive for
telomerase [7]. Consequently, these tumor cells must have
maintained their telomeres by some alternative mechanisms

[7]. Except that Terminal Restriction Fragment (TRF)
analysis demonstrated an increased heterogeneity in telo-
meric repeat sizes in tumor samples negative for telomerase
[7], nothing seems known about telomere appearance after
telomerase-mediated versus alternative telomere elonga-
tion. Unfortunately, since TRF assays generate data on
average telomere sizes over a large number of pooled cells, it
is not possible to determine whether the observed increase
reflects an increased difference in telomere sizes within the
individual cells, or between cells.

Unlike the de novo synthesis accomplished by telo-
merase, telomere elongation by alternative mechanisms
must necessarily move or copy pre-existing repeats. The
sources or templates available for the alternative mechan-
isms are cryptic telomeric sequences at internal positions
and telomeric repeats at chromosomal termini. Telomeric
repeats at internal sites are generally quite degenerate,
and terminal telomeric repeat domains contain a region of
variant repeats, centromeric to the perfect repeats [8]. It
could, therefore, be speculated that unless the alternative
mechanisms are capable of discriminating perfect from
variant repeats, copying only the former, they would give
an elongation product of a mixed sequence composition.
If this is indeed the case, it should be possible to
distinguish between telomerase-mediated and alternative
telomere elongation from the sequence composition of the
product. Unfortunately, no data on such a direct finger-
print of the mode of telomere lengthening has been
published.

The mode of telomeric reconstruction could have implica-
tions for how the cancer progresses and how it responds to
therapy, both because of the supposedly more uneven
telomere elongation by alternative mechanism [7], and
because variant telomeric repeats bind key proteins differ-
ently from the perfect AGGGTT repeat [9—-11].

Recently, methodology has been developed enabling the
sizes of telomeric repeat domains on single chromosome
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ends to be measured [12,13]. Our assay is based on
telomere staining by dideoxy-PRINS [14], a novel version
of the Primed In Situ (PRINS) labeling technique [15] . An
attractive feature of the dideoxy-PRINS technique is that it
can selectively visualize variant repeat sequences in situ
[14,16]. Fingerprinting of individual telomere expansion
products should thus be theoretically possible, employing
dideoxy-PRINS with various repeat probes to “pseudo-
sequence” individual telomeres in situ. In this work, we
investigate in greater detail a case of single telomere
expansion first noticed in connection with the first presenta-
tion of the dideoxy-PRINS for measurement of telomere
sizes [13]. In an effort to establish the identity and the
sequence contents of the expanded telomere, as well as a
likely order of events, we combined fluorescence in situ
hybridization (FISH), telomere sizing after dideoxy - PRINS,
and “pseudo-sequencing” in situ with PRINS probes for both
standard and variant repeats.

Materials and Methods

The Case

A 31-year-old male presented with B-ALL in May 1994.
The initial white blood cell count was high (112.000/uL).
Immune phenotyping revealed positivity for HLA-DR, CD 10,
CD 19, and CD 20 (B-ALL). Cytogenetic analysis found
only one cell in metaphase. This cell was positive for the 9;22
Philadelphia translocation. In concordance, multiplex poly-
merase chain reaction analysis demonstrated a BCR-abl
rearrangement of the b3a2 subtype. Induction therapy with
prednisone, vincristine, daunorubicin, cyclophosphamide,
L-asparaginase, and intrathecal methotrexate resulted in
complete remission morphologically and immunophenoty-
pically on day 29. Intensive consolidation was given in
three cycles immediately after remission induction. After
regeneration from the third course (September 1994), the
patient received oral maintenance therapy with 6 -mercapto-
purine and methotrexate. In November 1994, a routine
pretransplant bone marrow examination showed a cytoge-
netic relapse with 100% Ph-positive metaphases (8/8).
One week later, haematologic relapse (leukopenia and blast
foci) was evident. A second remission was obtained with
high-dose amsacrine and cytarabin, although 50% (5/10)
of the bone marrow cells in metaphase remained Philadel-
phia-positive. The only bone marrow cells available to the
present study were from this admission. After two courses of
CHOP, a successful bone marrow transplantation was
carried out. The patient remains well 4 years after diagnosis
and 3.3 years after the bone marrow transplantation. No
cytogenetic follow-up has been performed.

Dideoxy-PRINS and FISH

An overnight culture of bone marrow cells was synchro-
nized with metotrexate, and harvested and fixed in metha-
nol—acetic acid according to standard methodology.
Spreads of metaphase chromosomes were used fresh. The
suspensions of fixed cells used in this study were 3 1/2 years
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old. Slides of the same age, spread at the time of admission,
did not give telomeric signals upon dideoxy-PRINS.

The probes used in the dideoxy-PRINS reactions were:
“Telo2” (CCCTAA),; [17], corresponding to the main
telomeric repeat in human chromosomes, “Telo3” (GGG-
(TTGGGG),TTG) [16], corresponding to the telomeric
repeat from Tetrahymena, “Telo5” (AGGGTTTs) [16],
corresponding to the telomeric sequence in the malaria
parasite Plasmodium falciparum, “Telo7” (GGTGAG);-
GGTG [14], corresponding to a repeat variant that com-
monly occurs as the AGGGTT repeat diverges at interstitial
sites inthe human genome and “Telo8” (TCAC(CCTCAC) ,4)
[16], which is complementary to Telo7.

Dideoxy-PRINSes with Telo probes were performed as
described in detail elsewhere [13,14,16]. In brief, the
dideoxy-PRINS does not differ from the standard PRINS
[18], except that nucleotides not needed for copying of the
proper target sequence are included as dideoxy analogues
to reduce non-relevant priming from breaks in chromosomal
DNA and cross-hybridizing probes to a minimum. Probes
Telo2 and 8 were thus incubated with ddGTP rather than
dGTP, and probes Telo3, 5 and 7 with ddCTP rather than
dCTP. A complete list of relevant probes for PRINS studies
of telomeres is given in Table 1.

The FISH probe for 11qgter was from AL Technologies,
and it was used as specified by that company, except that the
hybridization was preceded by a PRINS reaction (PRINS-
painting [19]). The FISH probe for the 11g terminus was
selected for the purpose because it was originally made from
DNA material obtained by microdissection of 11qter. It must,
therefore, be expected to cover sequences to the most
terminal part of 11q.

Image Analysis

Relative size measurements after dideoxy-PRINS were
achieved as previously reported [13]. In brief, metaphases
were after the dideoxy-PRINS reaction selected in the
counterstain (DAPI) on the basis of good chromosome
spreading. Images were recorded with a CCD camera, and
analyzed by the CGH program from VYSIS (QUIPS). In this

Table 1. Base Sequence and Name of Oligonucleotide Probes for Telomere
Studies by PRINS.

Telo1: (TTAGGG);
Telo2: (CCCTAA);
Telo3: (GGTTGG)4G
Telo4: (CCAACC).C
Telo5: (AGGGTTT)s
Telo6: (CCCTAAA)s
Telo7: (GGTGAG),GGTG
Telo8: TCAC (CCTCAC) 4

All odd - numbered probes hybridize to the C-rich strand of the telomere, and
all even-numbered to the G -rich. The probes come in pairs staining opposite
strands of a particular telomeric repeat. Telo1 and 2 thus stain the standard
telomeric repeat whereas Telo3 and 4 stain one type of variant repeat, Telo5
and 6 another variant, and Telo7 and 8 a third variant. For further details,
please consult Ref. [16].
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program, the telomere signals were assigned as “tester”, Philadelphia-positive or Philadelphia-negative cells were
whereas the DAPI stain was assigned as “reference”. The assigned to the relevant category, according to the presence
metaphases thus recorded were karyotyped, and data from or absence of a Philadelphia chromosome. Finally, for
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Figure 1. Telomeric ratio profiles of Philadelphia - positive (upper part) and Philadelphia - negative cells (lower part). At multiple points along the axis of each
chromosome, the QUIPS program calculates the ratio between the intensity of the dideoxy - PRINS reaction and the intensity of the DAPI staining. As the dideoxy -
PRINS reaction stains the telomeres, whereas DAPI stains the entire chromosomes, the ratio is highest at the chromosome ends, as evidenced by the profile peaks.
The higher a peak is at a certain chromosome end, the higher the ratio at that site. The blue curves represent average profiles over more than 10 pooled metaphases,
whereas the red curves give the 95% confidence intervals. The Philadelphia - positive cells have the lowest telomere peaks, as well as the narrowest 95% confidence
intervals. The increased peak height at the 11q telomere in the Philadelphia - positive cells is also evident.
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comparison of telomere sizes at the individual chromosome
ends, ratio profiles were created for each of the two
categories of cells.

Results and Discussion

Anatomy of the Individual Telomeres

To get an overview of the telomere size at all chromosome
ends in the Philadelphia-negative and the Philadelphia-
positive subset of cells, a comparative relative telomere
sizing was performed after staining of the telomeres with
dideoxy-PRINS with Telo2. The resulting telomere profiles
demonstrated three main differences between pooled
Philadelphia-positive, and pooled Philadelphia-negative
cells (Figure 1).

First of all, the telomeric profile peaks were, in general,
lower in the Philadelphia-positive subset of cells, demon-
strating shorter telomeres in these cells [13].

Secondly, the confidence intervals on the curves were
narrower in the Philadelphia-positive cells (Figure 1). This
finding may seem in contrast to the finding by Bryan et al. [7]
of increased variation in telomere size when the telomere is
maintained by alternative methods. However, as Bryan et al.
employed the TRF assay for the telomere sizing, they were
looking at the distribution of telomeres sizes in a pool of all
the clones found in the particular case. Their observation is
therefore comparable to what we would get if we pooled the
data from the Philadelphia-positive and the Philadelphia-
negative cells, rather than investigating the two sets of data
individually. Thus, whereas the pooled data show a high level
of variation (data not shown), telomere sizes in the
dominant malignant clone do not. The lower variation in
telomere size among the Philadelphia-positive cells, as
compared with the Philadelphia-negative cells, could simi-
larly reflect that whereas the former represents one clone of
cells, the latter likely come from multiple clones of cells.
Alternatively, it could reflect that short telomeres inhibit cell
division [4]. As a consequence of this, cells with short
telomeres should divide less willingly, if at all, thus loosing
telomeric DNA slowly, if at all. Neighbouring cells with longer
telomeres should, on the other hand, continue to divide
unimpeded, thus continuously shortening their telomeres. In
a population of cells where residual telomere size is limiting
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Figure 2. Telomeric ratio profiles on homologous chromosomes 11 after
dideoxy - PRINS with Telo2 or Telo5. For each probe, two curves are shown,
one representing the normal chromosome 11, and one representing the
chromosome 11 with the 11q telomere expansion. Each of the two curves
represent pooled data from more than 10 chromosomes.
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Figure 3. Telomeric staining on homologous chromosomes 11 by dual color
PRINS with Telo2 and Telo5. Telo2-primed DNA synthesis was visualized
through incorporation of fluorescein - dUTP ( Boehringer Mannheim ), whereas
Telo5-primed DNA synthesis was visualized through incorporation of
digoxigenin-dUTP (Boehringer Mannheim), and subsequent staining with
rhodamine labeled anti- digoxigenin antibody (Boehringer Mannheim). The
Telo2 signals are shown to the left, the Telo5 signals to the right, and the DAPI
staining at the center.

to the rate of cell division, the long telomeres would thus be
expected to shorten faster than the short telomeres, resulting
in a narrower distribution of telomere sizes. Interestingly, in a
comparison between telomere sizes in lymphocytes from a
(healthy) old donor and a related (healthy) young donor of
lymphocytes, we observed a similar narrowing of the
confidence intervals in the cells with the shorter telomeres
(unpublished observation).

The third and final difference between the Philadelphia-
positive and the Philadelphia-negative cells was that the
long arm telomere on chromosome 11, unlike any of the
other telomeres, was longer in the former [13]. From the
telomeric profiles of each of the two homologous chromo-
somes 11 in the Philadelphia-positive cells, it can be seen
that this was due to an increased staining of only one of
the two homologues (Figure 2). The difference in telomere
staining between homologues was directly visible in
individual pairs of chromosomes (Figure 3). The com-
parative sizing approach applied here does not give
estimated telomere sizes in kilobases, but tells whether a
particular telomere is longer or shorter than another
telomere. We, therefore, cannot give an approximate size
of the elongated 11q telomere, except for what can be
deduced from the visual appearance of the telomere
signal. The intensity of the signal on this particular
telomere was clearly beyond anything we have observed
on normal telomeres, and considering the size range of
normal telomeres, the size of the elongated 11q telomere
should be at least 20 kb.

'S

Telo2 FISH

Figure 4. Staining of the 11q terminus by PRINS painting in a pair of
chromosomes 11, one of which was positive for the 11q telomere expansion.
The telomeric repeats were stained with Telo2 (left), whereas the tip of 11q
was painted by FISH (right). The DAPI staining is shown at the center. The
two 11q termini appeared equally stained by the FISH probe, and no site
outside 11q showed apparent staining.
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The reason for this exclusive expansion of a single 11q
telomere can only be speculated, but it seems reasonable to
consider it as a cellular response to a critically short or lost
telomere. Not all telomeres within an individual cell are of
exactly the same length, and it could be that this particular
119 telomere originally was the shortest of the telomeres in
this case. Alternatively, this 11g terminus could have
suffered a sudden substantial loss of telomeric DNA. In a
study of the dynamics of the telomere on chromosome 13qin
an immortal human cell line, Murnane et al. [20] have found
that such rapid losses of telomere repeats do indeed occur,
though the predominant pattern is a steady reduction in
telomere size of 52 bases per cell division. We reason that
since only one telomere is expanded, and since this
expansion is found only in a fraction of cells, it is rather
unlikely to be a product of telomerase activity. Instead, it
must represent telomere elongation by alternative me-
chanism. In this respect, it would be interesting to test for
telomerase activity. Unfortunately, stem cells in the bone
marrow are telomerase-positive, and the available telo-
merase assays all work on material extracted from a
substantial number of pooled cells. Therefore, even if the
cells having the 11q telomere expansion are truly
telomerase-negative, the assay might still be positive
due to “contaminating” stem cells. Thus, in the absence of
an in situ assay for telomerase activity, such activity was
not tested for on the limited cell material. At least in vitro,
alternative mechanism does not occur spontaneously at
any measurable frequency except after viral or chemical
perturbations. In the present case, it could be speculated
that the chemotherapy given to the patient provoked the
alternative event.

To investigate the sequence anatomy of the elongated
telomere, staining was also attempted with primers specific
for repeat variants [14,16]. It appeared that the elongated
11q telomere was strongly stained by dideoxy-PRINS with
the variant repeat probe, “Telo5” (AGGGTTT)s (Figure
3). Measured on single cells, there was no obvious
correlation between the increase in Telo5 signal and the
increase in Telo2 signal. However, averaged over a number
of cells, the increase in variant telomeric repeat signals was
of the same magnitude with both probes (Figure 2), as
could be suspected for a repeat domain expanded by
multiplication from the preexisting repeat domain at the
same locus. An obvious caveat in this is the possibility of
cross-reaction between Telo5 and the main repeat. How-
ever, considering that the Telo5 sequence contains a
seven-base repeat unit, whereas the main repeat contains
a six-base repeat, the match over the length of the Telo5
probe is modest (16 of 35 positions). Also, the intensity of
staining with Telo5 does not vary in parallel with the
intensity of the staining with Telo2 on telomeres, in general
[16]. Unfortunately, none of the other variant repeat probes
employed was able to produce further information from the
few (low quality) cells left at this point of the investigation.
As it was, Telo7 gave too high a background staining to
allow safe conclusions on the result, whereas neither Telo3
nor Telo8 generated visible signals on 11qter.

This only partly successful pseudo-sequencing reaction
illustrates a major limitation to the use of most of the
techniques employed here, namely that they work on
metaphase cells, which are often available in insufficient
amounts to enable a complete analysis. The general
applicability of such techniques would therefore increase
substantially if computer programs were derived that could
extract the relevant data also from interphase nuclei.

The 11q Telomere Identity

To investigate whether translocation played a role in the
telomere elongation process, the identity of the chromo-
some terminus harbouring the expanded telomere was
tested. A translocation of a foreign chromosome end to 11q
would, on its own, not be sufficient to explain our
observations, as the elongated telomere was much longer
than any other telomere in these cells, but could still be a
contributing mechanism. Also, translocations with break-
points in 11923 are not unusual in leukemia [21]. The tip of
chromosome 11q was therefore hybridized with a chromo-
some -specific FISH probe for 11qgter (distal to 11923). As
can be seen from Figure 4, both homologues of chromo-
some 11 were stained similarly at their long arm terminus
with this probe.

Relative Timing of the 11q Telomere Elongation, the
Philadelphia Translocation and the Overall Telomere
Shortening

As the telomere elongation and the Philadelphia
translocation could well be separate events, we tried to
establish the relative timing of the two events by looking for
individual cells that had one of these features, but not the
other. No cells were found with only the Philadelphia
translocation. However, 3 out of 20 Philadelphia-negative
cells in metaphase actually had the long 11q telomere.
From this, it seems that the telomere elongation happened
first, whereas the Philadelphia translocation was a later
event. There is, thus, no evidence that the telomere
expansion contributed to the transformation of the neo-
plastic cells.

Telomeric ratio profiles from the three Philadelphia-
negative cells with an 11q telomere expansion were
compared to the profiles from all other Philadelphia-negative
cells, as well as to the profiles from the Philadelphia - positive
cells. From this, it appeared (data not shown) that the
profiles from these three cells matched the profiles of the
other Philadelphia-negative cells (except for the peak at
11q), rather than the profiles of the Philadelphia-positive
cells. The general telomere shortening was thus associated
with the Philadelphia chromosome, rather than with the 11q
expansion. Considering that the Philadelphia-positive cells
with the 11q telomere expansion outnumbered what must
have been the parental cells, the Philadelphia-negative cells
with that expansion, 17 to 3, a significant clonal expansion of
the former must have occurred, possible accounting for their
shorter telomeres. In conclusion, the order of events seems
to have been: 11q telomere expansion, Philadelphia translo-
cation, overall telomere shortening.
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