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Vertebrate chromosomes terminate in variable the efficiency of oligonucleotide hybridizations for telomeric
numbers of T ,AG3 nucleotide repeats. In order to study repeats has not been sufficient to extend this approach beyond
telomere repeats at individual chromosomes, we de- qualitative studies of JAG3 repeat sequences in chromosomes

of various species3(14). Recently, it was shown that synthetic
peptide nucleic acid (PNA) oligonucleotide probes will hybridize
with complementary oligonucleotide sequences and that the

veloped novel, quantitative fluorescence in situ hy-
bridization procedures using labeled (C  3TA)3 peptide

nucleic acid and digital imaging microscopy. Telomere resulting duplexes are more stable than DNA/DNA or DNA/
fluorescence intensity values from metaphase RNA duplexes15,16). In PNA, the charged phosphate-(dexoxy)
chromosomes of cultured human hematopoietic cells ribose backbone of conventional DNA and RNA oligonucleo-
decreased with the replication history of the cells, va- tides is replaced by an uncharged backbone of repeating
ried up to six-fold within a metaphase, and were similar N-(2-amino ethyl)-glycine units linked by peptide bonds. Here

we show that the resulting differences in hybridization properties
can be exploited for quantitative measurement of repeat se-
guences by selection of hybridization conditions that allow

between sister chromatid telomeres. Surprisingly, te-
lomere fluorescence intensity values within normal

adult bone marrow metaphases did not show a normal PNA/DNA hybridization but disfavor renaturation of comple-
distribution, suggesting that a minimum number of re- mentary DNA strands.

peats at each telomere is required and/or maintained

during normal hematopoiesis. RESULTS AND DISCUSSION

INTRODUCTION In initial studies, we compared directly FITC-labeled DNA, RNA

and PNA (GTA»)3 oligonucleotide probes for the detection of
Telomeres have important functions in the stability and repliF,AGs repeats on human metaphase chromosomés &iju
cation of chromosome4,@). These functions are mediated byhybridization. At selected hybridization conditiof8)(all three
highly conserved repeats which consist 0fAGs3), in all  probes showed fluorescence of some telomeres (data not shown).
vertebrates 3). The number of telomeric repeats in humarHybridization with the RNA probe appeared somewhat more
somatic cells appears to decrease with cell divisibe®) @nd  efficient than with the DNA oligo but neither of these two probes
with age {,8). Telomere shortening may act as a mitotic clock irallowed staining of all telomeres in line with previous findings by
normal somatic cell®f and high levels of the enzyme telomeraseothers 8,13,14). The PNA probe showed a high background
(capable of elongating telomeres) have been found in tumor cdlisorescence but also intense staining of most telomeres. Further
(10). The most commonly used tool to estimate telomere lengtptimization of the hybridization protocol for use with the PNA
is Southern analysis of genomic DNA digested with selectqotobe (see Materials and Methods section) resulted in micro-
restriction enzymesi(,12). Such analysis requires thousands okcopic images exemplified in Figureand?2.
cells and provides only a crude estimate (smear) of the averag&ssentially all metaphase chromosomes showed four fluor-
number of BPAG3 repeats in the chromosomes of all cellsescent spots at telomeric positions (EfyC) and up to 92 spots
analyzed. In principle, fluorescenioesitu hybridization (FISH) were observed in interphase nuclei (Fifg). This was an
should be able to provide information on the telomere length ahexpected result in view of the failure to visualize all telomeres
individual chromosomes. Directly labeled oligonucleotide proby regular oligonucleotide hybridizatioB,13,14) or the more
bes are attractive probes for such analysis because of their sreafisitive primedin situ hybridization (7). The telomere
size (good penetration properties), single strand nature (flaorescence of sister chromatids appeared of similar intensity
renaturation of probe) and controlled synthes®. (However, (Fig.1A,C), an impression that was confirmed by image analysis
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Figure 1.In situ hybridization of peptide nucleic acid probe to metaphase chromosomes and interphase nuclei from cultured human fetal liver cells. Conditions
the hybridization of the FITC-labeled {TA2)3 PNA probe are detailed in the Materials and Methods section. Chromosomes were counterstained with propidiun
iodide (orange, A&B) or diamidinophenylindole (DAPI, blue, C). Photographs were taken directly from the microscope usiobjecti®®. Note that essentially

all metaphase chromosomes show four fluorescent spots and that the fluorescence intensity of sister chromatid telomere pairs appears to be linked.

(Fig. 2 and 3). For quantitative purposes digital images fromthat these values are fairly accurate measures of telomere length.
metaphase chromosomes after hybridization with the PNA prol&milar correlations between homologous centromere repeat
and counter staining with propidium iodide (PI) were capturethrgets were found in earlier quantitative FISH studi8d 9).

using a CCD camera (see Materials and Methods section). Artriking differences in the fluorescence intensity of telomeres in
example of this type of analysis is shown in Figuead Table cells from fetal liver, adult bone marrow and chronic myeloid

1. Within this individual metaphase, considerable heterogeneilgukemia (CML) cells were observed (Figsh and Table?). As

in fluorescence per telomere and in total telomere fluorescensigown in Figuré, the mean telomere fluorescence intensity values
per chromosome was observed. When telomere fluorescer(685 for fetal liver, 455 for adult bone marrow and 301 for CML
values of all the chromosomes analyzed in this study wecells) showed a very good correlation with the expected mean
analyzed it = 1273), a good correlation between the valueterminal restriction fragment (TRF) length for each of these tissues
derived from sister chromatid telomere pairs was observed (F{d2+ 1 kb for fetal liver, & 1 kb for bone marrow and51 kb for

3). Because the members of a sister chromatid telomere pair &L cells) 6,20). Several points are worth noting from the data
expected to contain essentially the same number,A6G3  shown in Figure5. First, independent of the tissue analyzed,
repeats, this observation suggests that the measured telontel@mere fluorescence values varied to a greater extent between
fluorescence intensity values are directly related to the amountaifromosomes than was anticipated from the data of flow sorted
available target sequence (i.e., quantitative hybridization) amtiromosomes reported by Moyzi3).(Within individual meta-
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Figure 2. An example of the digital imagesiofsitu hybridization of FITC-(GTA2)3 PNA probe to human fetal liver metaphase chromosomes used for calculations
of fluorescence intensity of individual telomeres. Microscopic images were captured with a cooled CCD camera (Photometrics) using blue excitation and filters

separate collection of green fluorescercg (hainly FITC; and green plus red fluoresceri®e hainly propidium iodide.
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Figure 3. Telomere fluorescence of sister chromatids in metaphase chromosomes is correlated. The fluorescence intensity of individual telomere spots of al
chromosomes analyzed in this study=(1273 chromosomes, from cultured fetal liver, cord blood, bone marrow and chronic myeloid leukemia cells) were rankec
into two sister chromatid pairs corresponding to their location on each chromosome (i.e. spots 1 and 2 correspond to signals detected on sister chromatids of or
while spots 3 and 4 correspond to the two signals on the other arm of the same chromosome). The fluorescence intensity of the individual telomere spots was comj
(meant s.d., spot 1: 564 280; spot 2: 562 273; spot 3: 56 288; spot 4: 563 279) but was significantly better correlated between sister chromatid pairs than
between telomeres on opposite ends of individual chromosomes (correlation coefficients: spot 1 vs. spot 2 = 0.71; spot 1 vs. spot 3 = 0.35; spot 2 vs. spot 3 -
spot 3 vs. spot 4 = 0.72; spot 1 vs. spot 4 = 0.33; spot 2 vs. spot 4 = 0.33; spot 1+2 vs. spot 3+4 = 0.39).

phases, the total telomere signal was found to vary around three-fiticeshold or minimum number obAG3 repeats is required for
per chromosome and up to six-fold per telomere (T@bldhe telomere function. This notion is compatible with studies of
minimum telomere fluorescence values were found to differ legslomeres in yeasi @) and the observation that immortal tumour
than two-fold between the various tissues. The latter suggests thaebs express high levels of functional telomerasg Secondly, the
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variation between fluorescence intensity values from different
metaphases on the same slide and between slides (BM-1 versus
BM-2) appears relatively small (Talileand Fig5). Together with

the observed linkage of sister chromatid telomere fluorescence
intensity (Fig.3), this observation underscores the notion that our
PNA-FISH protocol approaches 100% efficiency for the detection
of T,AG3 repeats. Finally, the distribution of telomere fluorescence
appears to be non-random, particularly so in metaphases derived -
from normal bone marrow and CML cells (F3g. In normal adult

bone marrow cells this non-random distribution may be the result of
in vivo selection of cells that avoided postulated critical telomere
shortening 9,21) or, alternatively, a selective action of telomerase
on chromosomes with short telomeres. Selection of cells on the basis
of telomere shortening would imply that telomeres have an
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important role in the regulation of normal hematopoiesis in addition i e & o R
to their postulated involvement in cellular senescéliye(d aging
(22). Selective action of telomerase on chromosomes with short hiean Telomere Floorescence Intensity

telomeres (resulting in continuous replication-dependent shortening
of long telomeres and the maintenance of short telomeres) is another
explanation for the observed skewed distribution of telomer@igure 4. The mean telomere fluorescence intensity (expressed in arbitrary units
fluorescence intensity values. This hypothesis is compatible with tieed measured as described in the Materials and Methods section) is tightly
recent observation tha elomerase activiy in yeast is negaiveffiace e Je e o rns e romens (R e
regulated by telomere Iengt_lQ;i), as well as the presence of (6,20). The correlation coeflicients between TRF and fluorescence intensity values
measurable telomerase activity in normal bone marrow Cellgaried between 0.9 and 0.99 for any TRF value within the indicated range.
(24-26). A third possibility is that selection of cells as well as

selective action of telomerase are jointly responsible for the observed

asymmetrical distribution of telomere fluorescence values. Caretilifferent hypotheses. Such studies are currently in progress. This
analysis of telomere fluorescence from individual chromosomes @pproach should also reveal whether differences in telomere length
clonally propagated normal cells from different tissues using there randomly distributed among chromosomes in cells from
PNA-FISH technology described here could be used to test thefifferent tissues.
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Figure 5. Distribution of telomere fluorescence intensity on metaphase chromosomes from different tissues. Telomere fluorescence (in arbitrary units) was calcul
from digital images (as described in the Materials and Methods section). Values for telomere fluorescence (4/chromosome) within the indicated range are shov
three different individual metaphases (numbers corresponding to those in Table 2) as well as the pool of all chromosomes analyzed from each slide/tissue. No
the distribution of telomere fluorescence within an individual metaphase corresponds well to the overall distribution within the pool of metaphase chromosome
each tissue and that this distribution is not symmetrical, particularly so in chromosomes of nhormal adult bone marrow and chronic myeloid leukemia cells.
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Table 1.Heterogeneity in telomere fluorescence signals from individual chromosomes of a single metaphase

Chromosome Pair 1 Pair 2 Sum
no. Spot 1 Spot 2 Spot 3 Spot 4
1 698 340 651 622 2311
2 306 334 642 583 1865
3 347 293 727 548 1915
4 546 957 1154 826 3483
5 393 631 609 675 2308
6 478 464 408 581 1931
7 485 431 562 438 1916
8 1071 717 742 923 3453
9 407 357 633 386 1783
10 617 1015 705 657 2994
11 1648 1355 507 372 3882
12 442 483 400 393 1718
13 928 584 383 567 2462
14 712 568 462 359 2101
15 765 529 432 430 2156
16 782 892 1092 964 3730
17 454 307 615 384 1760
18 760 405 689 685 2539
19 398 373 735 521 2027
20 378 405 262 344 1389
21 756 505 774 683 2718
22 312 496 409 407 1624
23 298 359 527 471 1655
24 555 479 456 410 1900
25 641 700 765 475 2581
26 701 774 1085 501 3061

CCD digital images of telomere PNA fluoresceimcgitu hybridization (FISH) on a metaphase spread of a cultured fetal liver cell (shown in Fig. 2 and used for image
analysis as described in the Materials and Methods section). The fluorescence intensity of individual telomeres (expressed in arbitrary units) is shown for t
chromosomes (arbitrary numbers) indicated in Figure 2. Note the heterogeneity in fluorescence per telomere (i.e., compare data for chromosome 11, spot
highest average telomere fluorescence with chromosome 20, spot 3—-4 = lowest average telomere fluorescence; ratio 11.1-2/20.3—-4 = 5.0) and in the total te
fluorescence per chromosome (i.e., total fluorescence chr 11/chr 20 = 2.8).

Metaphase preparations from the indicated tissues were hybrivelling, cells were fixed and stored in methanol/acetic acid
ized with the PNA-telomere probe and the fluorescence intensity fofative using standard procedures. Cells were fixed to slides by
individual telomeres as well as whole chromosomes (sum of fogpinning small volumes (10-100 of cells in 2 ml of 50% acetic
telomere spots) were measured from digital images as describeddid. The slides were dried overnight in air and immersed in
the Materials and Methods. The results shown are from individuehosphate Buffered Saline (PBS) for 5 min prior to fixation in 4%
slides that contained metaphases with at least 10 chromosomesfiiahaldehyde in PBS for 2 min, washes in PBS 8min) and
could be analyzed (i.e. non-overlapping, correct segmentation, farsatment with pepsin (P-7000, Sigma, St. Louis, MO) at 1 mg/ml
spots). The same fixed bone marrow cells were used to prepare #3010 min at 37C at pH 2.0. After a brief rinse in PBS, the
different slides (BM-1 and BM-2). Min-max values for telomereformaldehyde fixation and washes were repeated and the slides
fluorescence were obtained by averaging the sister chromaji@re dehydrated with ethanol and air dried. Ten microliters of

telomere values. hybridization mixture containing 70% formamide, @g/ml
FITC-(C3TA2)3 PNA probe (PBIO/Biosearch Product, Bedford,
MATERIALS AND METHODS MA), 1% (W/V) blocking reagent (Boehringer-Mannheim,

Gmbh, FRG) in 10 mM Tris pH 7.2 was added to the slide, a
coverslip (20x 20mm) was added and DNA was denatured by
The following hybridization protocol was used to obtain théeat for 3 min at 8UC. After hybridization for 2 h at room
results shown in the figures and tables of this paper. Culturestefnperature, the slides were washed at room temperature with
hematopoietic cells from human fetal liver, umbilical cord blood0% formamide/10 mM Tris pH 7.2 €15 min) and with 0.05

and adult bone marrow were described previo@$lyAt various M Tris 0.15 M NaCl pH 7.5 containing 0.05% Tween-2& 3

time intervals colcemid (0jdg/ml) was added to the cultures andmin). The slides were then dehydrated with ethanol, air dried and
cells were harvested 2—18 h later. After washing and hypotorgovered by 5-1Ql of antifade solution (VectaShield, Vector

In situ hybridization
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Table 2.Heterogeneity in telomere length on chromosomes from diferent hematopoietic tissues

Tissuse Mitaphase # Chremnsomses Chrampsome ¥alaes Telomere Valaes

hlim fviax Ratis | Maan | S0 iim fiax Raiio | Mean | 5.

FL 1 13 1405 ST 412 314H Sk o 1443 4,31 306 264
2 23 1225 4116 335 23 505 Ha 1137 5.41 G 194

3 21 1.5 A0 334 050 ™ 350 1770 4.1 T 253

4 24 160 AW 2,33 IR hiER ek 1444 4% B 120

3 14 2019 ias 1.85 e | 4592 336 1144 256 Tig 167

-] 13 1475 Rl 2,73 FEER i 191 1234 G435 [ 24

¥ 1% 1273 3548 278 4 569 T a7a 366 542 181

g 11 2078 £ 205 TR T M 1117 3.2 T 250

Paoal 148 1568 4307 ] ZTRH il 2 1284 4.53 5 I

BM-1 1 15 4 3233 331 15948 T 1k kol 543 457 2
P 14 105 463 142 14893 43l 106 SR Gdd 37 141

3 12 1311 THR 4 I 432 245 M3 ATH 431 146

4 3 101 ITl6 15l 170 543 221 TE1 153 424 i

5 18 LR 40149 an 2 e 21 1ZT7 b3 49H |

] 16 1540 gy 1.9% 1972 407 237 240 553 472 123

Poad 95 1167 3l LT 180E 541 157 b o) 454 R 168

Br-Z 1 14 1285 35T 24F 1953 571 154 593 1.7 457 163
2 4 1312 ITTE ims 2180 ko HH 1074 312 3x2 17

3 11 1328 2650 .03 2054 418 A3 235 LI7 477 138

4 14 TaT iTH 361 1§32 i1 1% G .78 456 224

5 ) 175 0eE 2.63 1783 #68 i L oG 419 433 142

L] 13 L1} 263 a4l 19 53R T T2 4. Ll 178

T &) a74 2015 333 1605 597 174 BT 4497 4l ed|

Pool 103 &7 3024 288 1903 91 pE Bis | 459 Al 154

CML 1 23 Ha6 2144 241 13046 15 161 B4 128 M 1R
F 12 11410 1953 1.EE 1391 k1L 174 ‘Mg 441 33 142

3 20 43 1872 198 1143 sy 172 412 14 ZR3 -0

4 1l 41 1444 193 1052 3 157 474 EXIE ELE L]

Poal (1] il 1854 45 1227 135 16 615 37T 1l 106

Laboratories Inc., Burlingame, CA) containing @d/ml of  and local differences in sensitivity of the camera, using constantly
propidium iodide. fluorescing uranyl glass as a reference object. Thus recorded and
corrected images were segmented on the basis of grey value
_ thresholding to find the contours of the chromosomes and the
Image analysis telomeric regions. For each of the telomeric regions, a back-
o . round subtraction was performed based on min/max filtering.
Digital images were recorded with a KAF 1400 slow scan CCIgach chromosome was divided in four regions by a watershed
camera (Photometrics; Tuscon, AZ) on an Aristoplan fluoraigorithm, and the integrated fluorescence intensity of each
escence microscope (Leica, Wetzlar, Germany), interfaced tQe@domeric region was calculated and divided by the integration
Sun 330 Workstation. Microscope control and image analysis Wge used for normalization purposes. Finally, for each chromo-
performed under ‘SCIL Image’ (TN, Delft; Netherlands). A PLsome the spot intensities from sister chromatids were ordered two
Fluotar 10& NA 1.3 objective lens and a I3 filter block were usedoy two and summarized.
for the visualization of FITC and propidium iodide. A short pass
SP 560 nm filter was inserted at the emission side when the gree
FITC emission was recorded, to minimize crosstalk of ?eé\EKNOWLEDGEMENTS

propidium iodide signal into this channel. The camera housingh. authors wish to thank Ger van den Engh and Barb Trask
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