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Prognostic implications of differences in telomere length between
normal and malignant cells from patients with chronic myeloid
leukemia measured by flow cytometry

Tim H. Brimmendorf, Tessa L. Holyoake, Nathalie Rufer, Michael J. Barnett, Michael Schulzer, Connie J. Eaves,
Allen C. Eaves, and Peter M. Lansdorp

Chronic myeloid leukemia (CML) is a
clonal, multilineage myeloproliferative
disorder characterized by the Philadel-
phia chromosome (Ph) and a marked
expansion of myeloid cells. Previous
studies have indicated that the telomere
length in blood cells may indicate their
replicative history. However, the large
variation in telomere length between
individuals complicates the use of this
parameter in CML and other hematologic
disorders. To circumvent this problem,
we compared the telomere length in
peripheral blood or bone marrow cells
with purified normal (Ph  ~) T lymphocytes
from the same CML patient using fluores-

cence in situ hybridization and flow
cytometry. Overall telomere fluorescence
was significantly reduced in Ph + cells
from patients with CML compared to
blood leukocytes from normal individuals
(P < 0.001) or normal (Ph =) T lympho-
cytes from the same individuals (n = 51,
P < 0.001). Cells from patients in acceler-
ated phase or blast phase (AP/BP) showed
significantly shorter average telomere
length than cells from patients in chronic
phase (CP, P = 0.02) or cytogenetic remis-
sion (CR, P = 0.03). Patients in CP who
subsequently developed BP within 2
years had significantly shorter telomeres
than those who did not develop BP for at

least 2 years ( P < 0.05). Accelerated repli-
cation-dependent telomere shortening in
Ph™ versus Ph ~ leukocytes supports pre-
vious evidence that Ph + stem cells cycle
more actively than their counterparts in
normal individuals. Our data further sug-
gest that telomere shortening may serve
as a surrogate marker of disease progres-
sion in patients with CP CML, supporting
amechanistic link between CML stem cell
turnover, genetic instability, and malig-
nant evolution in this disease. (Blood.
2000;95:1883-1890)
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Introduction

Chronic myeloid leukemia (CML) is a malignant disorder thatinderstood, the turnover of all types of Patem and progenitor
originates in a pluripotent hematopoietic stem t¢HSC) that cells is known to be increaséé!®>whereas the self-renewal ability
acquires a Philadelphia (Ph) chromos8fhencoding the BCR- of at least the more primitive Prcells appears to be decreaséé.
ABL oncogenic fusion proteift® In chronic phase (CP), increasedAfter a CP of variable duration, transformation to an acute
numbers of Ph myeloid, erythroid, and megakaryocytic progenidleukemia with myeloid, B-lymphoid, or occasionally T-lymphoid
tor cells are found both in the hyperplastic bone marrow and in tiieatures occur¥’-2°Although the Ph chromosome is commonly the
peripheral blood of patients with highly elevated white blood cebtinly cytogenetic abnormality detected in CP patients, cells with
counts. Despite convincing evidence that CML can originate inadditional chromosomal abnormalities are usually present at blast
lymphohematopoietic precursor cell, Ptells typically outnumber phase (BP).

the progeny of normal cells only in the myeloid lineages. Some Ph  In human somatic cells, chromosomes terminate in several
B-lineage cells are found in a proportion of patients and circulatinglobases of repetitive TTAGGG sequences and associated pro-
T cells are predominantly PH67 At diagnosis the stem cell teins. Telomere repeats in such cells are successively lost with
compartment of most patients with CML is still dominated byepeated cell division; hence, with age, this process leads to genetic
normal stem cells as assayed both by long-term culture-initiatimgstability and cell senescené®?® Telomerase is required to
cell assays (LTC-IGP and their transplantation into irradiatedmaintain the length of telomere repeats in the germ3##and
immunodeficient mic&%12 Nevertheless, at later stages of myelovariable levels of telomerase activity can also be detected in normal
poiesis, the marrow and blood of CP CML patients is usuallgematopoietic progenitor cells, activated T cells, germinal center B
dominated by Ph cells of all lineages. Although the mechanismdymphocytes, as well as in the majority of human cancers (for
underlying these stage-specific population dynamics are not fuligviews, see Shay and Bacchéttieng et af2 and de Lang®).
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Recently, studies of telomerase knock-out mice have highlighté® nucleated cells were then recovered by centrifugation. Cells that were

the functional importance of telomeres and telomerase in tRBtained from cryopreserved material had been first centrifuged on
biology of multicellular organism&:3435The finding that overex- Ficoll-Hypaque density centrifugatior<(1.077g/mL, Pharmacia Biotech

ression of hTERT in telomerase-negative human somatic cé B, Uppsala, Sweden) to isolate the low-density fraction and then frozen in
P 9 :{ % dimethyl sulfoxide (DMSO) and 90% fetal calf serum (FCS; StemCell

results in the extension of the in vitro life span of otherwise normqlechnologies). After thawing, cells were slowly resuspended by adding

epithelial cells and fibroblasts further supports a linkage betwegjdove's modified Dulbecco's medium (IMDM; StemCell Technologies)

telomere shortening and replicative senescéfiée. supplemented with 20% FCS and 100 ug/mL deoxyribonuclease (DNAse,
The level of telomerase found in normal HSCs appears to be td@ma Chemical, St. Louis, Mo). Dead cells were removed by another

low to prevent telomere shortening with replication and ®déIn Ficoll-Hypaque centrifugation step. Recovered cells were washed twice in

addition, we have shown the proliferative capacity of HSCs LyDM/2% FCS.

different stages of ontogeny to be correlated with the overall

telomere length of the corresponding hematopoietic tigstie?> FACS analysis

Telomere shortening appears to be accelerated in donor-derivgdl populations were incubated for 10 minutes at 4°C with Hanks’
HSCs regenerated in recipients of allogeneic bone marrow tramatanced salt solution (HBSS, StemCell Technologies) containing 5%
plants (BMT)#647 Taken together, these studies suggest thhtman serum prior to addition of antihuman CD3-fluorescein isothiocyante
telomere length measurements may be useful indications of stérhrC) 1:50 (Becton Dickinson, San Jose, Calif). Cells were incubated at
cell turnover in vitro and in vivo. 4°C for another 30 minutes and finally washed twice with HBSS/2% FCS; 1

Recent studies in CML have suggested that telomere Ien(%ﬁln/ml' propidium iodide (PI, Sigma) was added to the second wash to allow

. . iscrimination of dead (PI) cells before analysis. Acquisition and analysis
shortens with progression from CP to BP and that telomeraseyiSpe celis were performed on a FACSort using LYSIS Il software (Becton

up-regulated in association with the acquisition of addition@jickinson).

cytogenetic aberratiorf8:48-50|t has also been reported that longer

telomeres may be a feature of patients with a more favorahle . .in of cD3 + cells

prognosis and likelihood to respond to treatment with interferon-

a.5° However, the interpretation of leukocyte telomere Iengt_ﬁhe CD3 cells were either first separated from myeloid cells by

measurements in such studies is complicated by the large Variad@munomagnetlc negative selection on a column (StemSep, StemCell

. S . echnologies) or were directly expanded from either low-density or whole
in telomere length between individugiand the heterogeneity of blood leukocyte preparations without their pre-enrichment. Monoclonal

nucleated cells in the peripheral blood. One approach to resolvigginodies against CD36, CD34, IgE, CD66b, and CD66e were added to the
these problems is to assess telomere length in defined populatig@agdard StemSep T-cell enrichment cocktail to improve the purity of
of malignant and nonmalignant cells obtained from the sanmegatively selected CD3cells. After the depletion step, the CH3
individual. This has now been made possible by the deve|0pmenmﬁched cells were cultured in RPMI 1640 medium (GIBCO, Grand Island,
a method for performing fluorescence in situ hybridization (FISHYY) containing 10% human serum and 1.0 ug/mL phytohemagglutinin
with assessment of the cells by flow cytometry (flow-FISH) to yield ™A Murex Diagnostics, Schaffausen, Switzerland) and 100 U/mL

tel | th ts for defined lafibis. th recombinant human interleukin-2 (rhiL-2; Roche, Nutley, NJ). In some
elomere length measurements for detined popula -the cases, 19mL irradiated allogeneic low-density normal blood cells were

present study, this methodology was _used to measure telomgligeq as feeders as well. After 10 to 15 days of incubation, these cultures
length in P and Ph cells from peripheral blood and bonetypically yielded sufficient numbers of T cells for analysis of
marrow taken from patients with CML. The findings were corretelomere length.

lated with disease stage and *Pktatus of the hematopoietic

progenitor cell compartment and also compared to age-adjusiggly cytometric detection of telomere FISH (flow-FISH)

telomere lengths for cells from a large number of normal adults. )
Telomere length measurements of PBL and selectively expanded T

lymphocytes were performed by flow-FISH as previously descrifed.
. Analysis of PBL (Figure 1A-C) and T lymphocytes (Figure 1D-F) of 1
Materials and methods individual CML patient is shown. Daily shifts in the linearity of the flow
cytometer and fluctuations in the laser intensity and alignment were
compensated using FITC-labeled fluorescent beads (Quantum-24 Pre-

In total, 174 samples of previously frozen peripheral blood or bone marrdixed; Flow Cytometry Standards, San Juan, Puerto Rico). Green fluores-
mononuclear cells, fresh peripheral blood leukocytes (PBL), or in vitrgeNce (FL1) was measured on a linear scale and regults were expressed in
expanded T lymphocytes from 59 patients were analyzed. The samp'l@%!ecmar gquwa!ent_s of soluble quorpchrome units (kMESF_:After

were obtained from patients in CP n96), in accelerated phase (AP) ordating on single diploid cells (R1, see Figure 1A and D), specific telomere

BP (n= 15), and in cytogenetic remission (CR) after autologous BMT 0frluorescence was calculated by subtracting the mean fluorescence of the

treatment with interferone (CR, n= 12). Patients undergoing allogeneicbaCkgrOund control (no probe, see Figure 1C and F, light gray) from the

BMT were excluded from the study. The median age of the patients at t eean _fluorescence obtained from_cells hyb_rldllzed with the ‘telomere probe
. See Figure 1C and F, dark gray, difference indicated by horizontal bars). In
time the sample was taken was 41 years (range, 19-76 years).

previous studies, we have shown that telomere fluorescence of PBL and T
lymphocytes is directly proportional to the mean size of terminal restriction
Cells fragments measured by Southern blot anal§sis.

To analyze the day-to-day variation in flow-FISH results, aliquots of
Heparinized blood and bone marrow samples were obtained from normgalls derived from a primary non-Hodgkin’s lymphoma were analyzed in
donors or as part of the routine assessment of patients withBRIR-ABL*  each experiment over the 1-year period of the studies described in this
CML. When fresh cells were analyzed directly, red blood cells were lysgshper. In 48 experiments performed over the last 2 years (in part reported
by incubating the pelleted cells with ammonium chloride solution (Stenalready in Rufer et &), the mean £ SD) fluorescence value was
Cell Technologies, Vancouver, BC) in a 1:4 ratio for 10 minutes on ice ari®.1 + 1.7 k(kilo) MESF with a C.V. of 14%.

CML patient characteristics
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R1 only R1xR2 London, 1998). Differences of paired data within patients were also
E = E| c analyzed by the MLn method.
% : s R2 3
o § g ; ] 7.9 KMESF
i1 X ] Results
preCyTeRTTeY 1] Initial comparison of telomere fluorescence measurements
. in blood or marrow cells from patients with CML
o E ] F and healthy controls
§ 18.4 kMESF .
F & 7 Flow-FISH measurements of telomere fluorescence were obtained
% ] 3 on 123 unseparated or low-density blood or marrow samples from
k 59 patients (solid circles, Figure 2). Considerable variation be-
tween values even when plotted as a function of the patient’s age is
Forward Scatter Forward Scatter Fluorescence Intensity . . .
FL1 seen. Also shown in Figure 2 for comparison are results for total
Figure 1. Flow-FISH analysis of PBL and T lymphocytes from a patient with fresh blood leukocytes taken from a study on a large series of

CML. Nucleated cells after lysis of red blood cells (A-C) as well as cultured T normal individuals assessed concurrently in our center using the
lymphocytes (D-E) were analyzed following hybridization with or without FITC- same methodologf}?.Much of the variation seen in telomere values

(C3TAz)3 PNA (respectively dark gray and light gray histograms in C and F). The cells . i L. .
were gated on region 1 (R1) on the basis of propidium iodide (PI) fluorescence and at any given age in normal individuals appears to be genetlca”y

forward light scatter (FSC) as is shown in A and D. An additional region 2 (R2) was  determined as indicated by an analysis of twins in this previous
selected within R1 from FSC versus side scatter (SCC) dot plot histograms as is study. Nevertheless. as summarized in Table 1. the average

shown in B and E. Note that the telomere fluorescence signal of lymphocytes (F, dark . .
gray) is almost 2 times higher and more heterogeneous than that of the total blood age_adJUSted telomere length determined for CML cells (ﬂCOS

leukocytes (C, dark gray) reflecting longer telomere length and a more diverse ~KMESF) proved to be significantlyP(< .001) lower than the

replicative history.5%* corresponding value for normal cells from age-adjusted donors
(13.2%+ 0.3 KMESF). In CML, a number of factors are expected to
LTC-IC assay exacerbate the normal variation in telomere length. These include

Cells were seeded onto pre-established irradiated murine fibroblagffects due to the stage of the disease as well as other factors
genetically engineered to produce human IL-3 (10 ng/mL), human granuificluding the proportion of normal cells in the sample. Indeed
cyte colony-stimulating factor (G-CSF; 130 ng/mL), and human Steéhormal) T lymphocytes may have been slightly enriched in some
factor (10 ng/mL) in long-term culture medium (Myelocult, StemCelof the CML samples due to a greater loss of {Pmyeloid cells on
Technologies) supplemented with freshly dissolved®iol/L hydrocorti- thawing. Accordingly, a comparison was made between paired

sone sodium hemisuccinate (Sigma). These cultures were then maintaipg§e mere length measurements for CML cells and purified normal T
in a humidified atmosphere of 37°C, 5% &i0 air for 6 weeks with weekly cells from the same patient

exchanges of half the medium and removal of half the nonadherent cells as

described® At the end of 6 weeks, the nonadherent cells were combined

with the trypsinized adherent cells and assayed for their content @@mparison of paired telomere fluorescence in CML cells and
granulopoietic, erythroid, and multilineage colony-forming cells in methylrormal T lymphocytes from the same patients

cellulose medium (H4330, StemCell Technologies) supplemented with r?health individuals. aranulocvtes can be readily separated from
ng/mL Steel factor, 20 ng/mL IL-3 (Novartis, Basel, Switzerland), 2 Y 9 y Yy sep

ng/mL IL-6 (Cangene, Mississauga, ON, Canada), 20 ng/mL granulocy ymphocytes on the basis of their different light scattering properties.
macrophage colony-stimulating factor (Novartis), 20 ng/mL G-CSF (Stem-

Cell Technologies) and 3 U/mL erythropoietin (StemCell Technologies).

These cultures were then incubated for 12 to 16 days at 37°C at the end of

which colonies were scored in situ using standard criféria. 307 o \
4 [} -1 14

Cytogenetic analysis o 25 .

i o 412
Colonies generated from 6-week-old LTC-IC assays and in vitro expande% | ° . 4
CD3* T cells were genotyped as Plor Pl by cytogenetic analysis of g 207 110 §
Giemsa-banded metaphases. 8 15‘ 1g &

Q n [}
Statistical analysis é 1e c;
Fluorescence values in KMESF units for different cell types, donor age‘z B __4 E
disease stage (CP, AP/BP), Ph status of the patients’ LTC-IC, diseasg ]
duration since diagnosis, and the remaining duration of CP from the times 57 42
point the sample was taken were the parameters used for statistical analy: ) 1
of the data. Controls were taken from a previous study performed in this 0 T T T " T 0
center on 301 normal individuatd Age adjustments were made based on 0 n 40 &0 80 100
the linear regression analysis for total PBL values obtained from a age (years)

subpopulation of this cohort, aged 16 to 80 years-(h47). Telomere data Figure 2. Loss of telomere fluorescence in total blood leukocytes from patients

of different patient groups consisted of generally mixed cross-sectional amith CML (closed circles) measured by flow-FISH.  Data for control individuals

serial measurements. To counteract any weighting effect of using mumﬂ;@en circles) is taken from a cohort_ reporte(_j or_\ previously.52 Thg spgcific telomere

specimens from single patients in the analyses and to identify Withi{#orescence wgs .analyzed after gating on diploid pells as shown in Flgur_e 1A. Note
. . .. .. the heterogeneity in telomere fluorescence values in CML cells as well as in controls,

patient, across-patient, and between-group levels of variation, mUIt'Ie\fﬁi significantly lower average telomere length found in CML samples as shown by

maximum likelihood analyses were carried out using the MLn program @fear regression analysis (P < .001), and the overall decline in telomere fluores-

the University of London (MLn, Multilevel Models Project, University of cence in both populations.
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Table 1. Statistical subgroup analysis

Estimated
Telomere fluorescence in Estimated mean shift
kMESF N p mean SE Range from normal SE P Value
PBLs of patients with CML
total 123 59 11.0 0.3 5.0-25.4 -2.1 0.3 P < .001
inCP 96 53 11.3 0.4 4.4-25.4 -1.9 0.4 P < .001
in AP/BC 15 12 9.5 0.7 5.1-13.9 —4.1 0.8 P < .001
inCR 12 8 11.4 0.6 7.9-15.7 -18 0.5 =.016
All clinical stages
PBLs vs 51 42 10.3 0.4 54-17.1 P < .001
Ph~ T lymphocytes 51 42 15.0 0.4 8.0-20.7
CP samples with
rdCP <2yvs 27 15 10.9 0.8 5.1-21.1 P = .046
rdCP =2y 49 11 12.6 0.5 5.9-25.4
Samples with
Ph* LTC-ICs* vs 15 12 11.2 11
Ph~ LTC-ICs 16 11 12.6 1.0

*Samples with Ph* LTC-IC were defined as those in which =4 colonies from the LTC-IC assays were analyzed cytogenetically of which =50% were Ph*. All remaining
samples analyzed were considered Ph~.

AP/BC indicates accelerated phase/blast phase; CML, chronic myeloid leukemia; CP, chronic phase; CR, cytogenic remission; LTC-IC, long-term culture-initiating assays;
KMESF, kilo molecular equivalents of soluble fluorochrome units; N, number of samples analyzed in each group; p, number of patients; PBL, peripheral blood leukocytes; rdCP,
remaining duration of CP; comparison of mixed populations of cross-sectional and sequential samples was performed as indicated in “Materials and methods.”

However, in CML samples, such a separation is hampered due tdemkocytes from the same individual patients (1&.8.4 KMESF).

abundance of immature myeloid cells (see Figure 1B). Therefoido significant difference in telomere length between lymphocytes

to obtain a suitably enriched population of normal cells for use asd granulocytes from the blood of age-matched healthy controls

an internal control, we selectively enriched CDB lymphocytes was observed in this particular age range (data not shown).

and expanded these in vitro using rhiL-2 and PHA as described in

“Materlgls and Methods..” Using this approach, we obtained CDs_TeIomere fluorescence of CML cells from patients at different

populations of> 90% purity (after 8-10 days) that were cytogenetl-Stages of disease

cally Ph in all 28 cases analyzed. These T lymphocytes were

analyzed by flow-FISH wherr 10° cells had been generated inWe next investigated whether any significant changes in telomere

culture. Examples of flow-FISH analysis of paired unseparatéength of CML cells could be correlated with the clinical stage of

(mostly myeloid) cells and expanded normal T cells from ththe disease at the time the sample was obtained. Telomere

peripheral blood or bone marrow of representative CML patienfisiorescence in cells obtained from patients in AP/BP was signifi-

examined at diagnosis (in CP), several years after diagnosis but stilhtly lower than in cells from patients in CP & .02) and also

in CP, and in BP are shown in Figure 3. As indicated in Table jgnificantly lower than in cells from patients in CR € .03).

telomere fluorescence in CD3ells (15.0+ 0.4 KMESF, n=51 Compared to samples obtained in AP (&®.8 KMESF, n= 8),

from 42 patients) was significantly?(< .001) higher than in total telomere fluorescence tended to be higher in samples obtained in
BP (10.5+ 1.1 KMESF, n= 7); however, this difference did not

Diagnosis Chronic Phase Blast Crisis reach statistical significance.

We also investigated the possibility of a correlation between
telomere length in CP and remaining duration of CP (rdCP) before
= onset of either AP or BP disease. Because a substantial proportion

of the analyses had been performed on fresh samples from recently
diagnosed patients, information on the rdCP was only available for
76 samples derived from 22 patients. Of these 76, the rdCP was less
E than 2 years for 27 samples (from 15 patients), whereas for the
] other 49 samples (from 11 patients), the rdCP was more than 2
- years. Some samples from the same patient fell in either group.
Samples with the shorter rdCP showed significan®y<(.05)
lower telomere fluorescence (10:90.8 KMESF) compared to
patients with rdCP longer then 2 years (12.®.5 KMESF). A
Fluorescence intensity FL1 number of samples that had been obtained from patients before and
ST S s ATEL: 6.8 KMESE ATEL: 0.3 KIMESE after treatment at our center with culture-purged autologous @MT
! _ were also included in the present study. Some of these patients
Figure 3. Flow-FISH analysis of leukocytes and cultured T-lymphocytes from 3 ) X R . R .
representative individual patients with CML at different stages of the disease. achieved Iong-lastlng cytogenetic remissions after BMT either with
Total nucleated cells from peripheral blood (A and C) and bone marrow (B) aswellas ~ or without a-interferon maintenance (M.J. Barnett, unpublished
cqltured T lymphocytes from the same speAcimen in each casel (D-F) we(e analyzed data, December 1999). Thus, the patients inthe CR group represent
with or without FITC-(C3TA,)3 PNA (respectively dark gray and light gray histograms). a bias toward patients with Iong disease duration (average time

Total leukocytes (A-C) show shorter telomeres than the respective cultured T . -
lymphocytes (D-F). after diagnosis, 6.7 years compared to 2.9 years for the whole data

Cc

15.7
kMESF
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set). However, the availability of sequential samples from selectdtbse with predominantly PhLTC-ICs (12.6%+ 1.0 KMESF).
patients of this cohort for longitudinal studies allowed problemidowever, this difference did not reach statistical significance.
related to the variation in telomere length between individuals to be

minimized. Figure 4 shows the results of a series of telomere length

measurements performed on 1 example of such a patient (UPN IdBcussion

reported in Barnet et &) who received culture-purged autologous

BMT soon after diagnosis. A long-lasting cytogenetic remissiofflomere length differences indicate enhanced stem cell

(> 9 years) was achieved starting 1 month after autologous BMtprnover of Ph * HSC in patients with CML

This patient developed cytogenetically detectable &lls 3 years according to prevalent models of hematopoiesis, mature peripheral
after BMT (1/25 metaphases Phbut these became undetectablgy|ood cells are derived from rapidly dividing progenitor cells that,
after treatment with low-dose interferan- As can be seen, in turn, are derived from HSCs. In adults, the number of cell
reduction of Ph cells in this patient by the transplant procedurgjiyisions that separate the bulk of the mature blood cells from the
and their replacement by predominantly normal (Phematopoi- Hsc population is assumed to be roughly constant unless the
esis was accompanied by an increase in telomere fluorescence fi@&tem is perturbed. Thus, considering the relatively short half-life
11.7 kMESF (before BMT) to 15.7 kMESF. The latter value is iyt mature cells, the average length of their telomeres should reflect
the normal range for blood cells of age-adjusted healthy individys5t of the HSC a limited number of cell generations eafhdhe

als. Following the return of normal hematopoiesis in this patientesent investigations of telomere length in leukocytes from a large
telomere fluorescence of the low-density blood cells steadilyies of patients with CML have shown that in CP CML cells

decreased f_itarate 0f0.72 kMESF/y (corresponding to 340 bp/Y)ag mere length was approximately 1 kb shorter than in age-
shown by linear regression analysis {R0.95, P =.0004). FOr  maiched controls. Assuming that roughly 100 bp (50-200 bp) are
comparison, telomere length in expanded T lymphocytes from thig ner cell division in somatic celt§ the reduced telomere
patient measured in parallel in 7 of 10 samples did not declifg, i in cp CML cells would indicate that their leukemic stem
significantly over the time period investigated after BMT. cells would have undergone on average 10 more divisions than
Correlation between telomere shortening no_rmal_ HSC during the'development of the clone befqre diagnosis.
and predominance of Ph + LTC-IC Wlth. dlsease. progression telomerellength progressively shortens
] leading to a significantly increased difference of 2 kb between cells
It ha; previously be_en de_monstra_lted that RMC-IC are_usually from samples acquired in AP or BP compared to age-adjusted
readily detectable in patients with CML. However, in a smallonirols. Further evidence of an increased rate of turnover of the
proportion of patients, this early progenitor compartment is domppy+ stem cell population is provided by the finding that the mature
nated by Ph ce_lls even at the time qf diagnosis® To o_letermlne Ph" cells showed significantly shorter telomeres than ex vivo
whether this biologic difference might correlate with telomer%xpanded PhT lymphocytes. In a previous study, we showed that
length measured on more mature progeny, patients were segreggigthyerage telomere length in (naive) T lymphocytes and granulo-
into 2 groups based on the Ph status of their LTC-IC. For the 33tes of healthy individuals of approximately the same age range
samples on which cytogenetic data were available for analysis, (11%-80 years) is simildi
were in the Ph LTC-IC group and 16 were in the PRLTC-IC We and others have previously shown that committed Ph
group. In this analysis, cells from patients with predominantly Phyqgenitors are more actively cycling than their counterparts in
LTC-IC tended to have shorter telomeres (11.2.1 kMESF) than  \4rmg individuals (reviewed in Eavis and more recently have
extended this observation to the PRTC-IC compartment?
However, such differences would predict a much faster rate of
turnover of the leukemic stem cell compartment than indicated by

25

—m- myeloid
20+ ® CD3+ {10

NS |
15 A . R \ / \ -8
o’ \-\./=\'<:\‘

| | 125 Ph+

average interval over which the neoplastic clone develops before
diagnosis is several yedi&This apparent paradox, however, may
be reconciled by our demonstration in CP CML patients of a
quiescent subset of CML ceflsand a decreased probability of
- S self-renewal by those stimulated to prolifer&é.
104 CR g i i i
) 4 An increase in telomere length after recovery from autografting
. 1025 Pt was demonstrated in 1 patient with CML who was followed after
7 Diagnosis 2 having received a purged autologous BMT. This was not unex-
pected given the predominantly normal genotype of the hematopoi-
0l ‘ , - |o etic cells regenerated and maintained for several years after
4 6 8 1 12 transplant in this individual. However, the rate of telomere
years past diagnosis shortening during this period averaged 340 bp/y, which is 8-fold
Figure 4. Telomere length dynamics in a single patient who received a faster than the rate we have measured for normal blood cells (42
transplant of culture-purged marrow. Telomere length measurements in thawed . _ . . PR
low-density cells from bone marrow or peripheral blood (squares) and from ex vivo bp/y) In a Cross se(.:tl.onal StUdy In hgalthy individu&ata on
expanded T cells (circles) are shown. The average rate of telomere shortening after ~ @llogeneic BMT recipients suggest a fixed loss of telomere repeats
transplantation was calculated by linear regression analysis and the slopes ex-  after regeneration has occurred in the recipient as compared to the
pressed in base pairs per year. Note that the patient showed an increase in telomere  yynor. but no accelerated rate of shortening there®ftérThe
length after transplantation followed by a decline thereafter and that T lymphocytes - . .
always showed longer telomeres and seemed to decline at a slightly slower rate than patlent .descrlbed here showed an increased rate of telomere
the PBL in the 10 years after transplantation. shortening compared to healthy donors throughout the whole
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period examined after BMT. This observation could reflect a low Diagnosis Transformation  Blast Crisis
number of normal stem cells contributing to hematopoiesis follow-

ing autotransplantation. Because, in our study, the majority o' || —=————— Sorm line
samples in Ph CR were derived from patients after autologous . w
BMT, the telomere length deficit in such cells relative to age-% g;;gg;",;c;\ | t —
matched healthy controls suggests that continuing accelerate? ‘o i i

telomere shortening in residual normal cells following autotrans-‘g “N R )
plant may be a more general phenomenon. Additional studies wil2 N | Loseortbronygosty 7
be of interest to test this prediction. a Ny g
Telomere length in CML cells correlates with disease evolution Covel of citical wlomero shorioming = = =

A major purpose of this study was to investigate whether telomer

length measurements of the neoplastic cells from patients witl ) Chronic Phase " .
CML using the recently developed flow-FISH method might have time

prognostic importance. Three different approaches to address #iigre 5. Model of telomere biology in CML.  Note that telomeres are shorter in Ph*
question were used in this study Eirst, we compared the telom&pks as compared to Ph™ normal cells at diagnosis compatible with a greater number
| h of I K f 9 ’ iff . h of accumulated cell divisions in the Ph* stem cell clone. During CP, and with
e_ngt of cells taken from patients at di erer_‘t stag_es 'n_t eégminued proliferation of the Ph* stem cells, the differences in telomere length
disease. Average telomere fluorescence was highest in patientseifleen Ph* and Ph- cells are expected to become more pronounced. Eventually,
Ph- CR and in CP followed by significantly lower telomerethe telomeres in the cells of the neoplastic clone become critically short. The resulting
fluorescence in AP/BP samples This finding is in line with recelp.tfromosomal instability may facilitate progression of the disease to AP/BP. Up-

K " i . regulation of telomerase at this stage could eliminate telomere-related restrictions in
data showing telomere shortening in all 12 patients Who Weggular proliferation and is expected to prevent further telomere-mediated genetic
serially studied in CP and BfPas well as in another cross-sectionainstability.
study comparing telomere length in CP versus'8th of which
used Southern blot analysis. Secondly, we compared the telomere
length in CP samples with a remaining duration of CP of less than 2 o
years with those in samples from patients with a remaining duratiéh normal HSCs, the level of telomerase expression ih &tem
of CP of more than 2 years. A significant difference between thecglls is apparently unable to prevent replication-dependent telo-
groups was found < .05). Thirdly, we compared telomere lengthmere shortening at this stage of the disease. During CP and with
in samples from patients grouped according to the prevalencecohtinued proliferation of the Phstem cells, the differences in
leukemic or normal elements in their LTC-IC population. At théelomere length as compared to normal cells are expected to
time of diagnosis most CML patients have predominantly normakecome more pronounced. Eventually, the telomeres in the cells of
LTC-IC.81362However, in a proportion of CP patients, PETC-IC  the neoplastic clone become critically short and this may precipi-
predominate. This analysis showed that the samples witite progression of the disease to AP/BP. Genetic instability is
predominantly Ph LTC-IC tended to have shorter telomeressuspected to be of major importance in the progression of many
than samples with PhLTC-IC. However, the sample size intymorsS3and the acquisition of additional cytogenetic alterations is
this particular subanalysis was too small to draw defin!tivg hallmark of AP/BP CML. Mechanisms underlying genetic
conclusions. In summary, these findings support the hypothesis thakapility, like gene amplification, aneuploidy, and loss of hetero-
progressive telomere shortening is correlated with disease progrggssity, may directly result from telomeric associations arising
sionin CPCML. from cells with short telomere®;6465 thus linking telomere

Ithad been reported that C!\/IL'patlents with _Iong telomeres al%?\ortening with genetic instabilify.One mechanism by which late
respond better to treatment with interfererand it was suggested CP CML cells might escape replicative senescence is through

that these patients might be at an “earlier” stage of the dis&ase. . ~ . . .
o . . -~ activation or up-regulation of telomerase. Because telomerase is
Similarly, patients with short telomeres seemed to have highér

levels of telomerase expression than patients with long telorﬁ%regxmessed at low levels in normal hematopoietic Céltsseparate

and high levels of telomerase expression were correlated Witrg’gnetic event may not be required for selection of cells expressing

high frequency of additional cytogenetic abnormalifiégurther- Nigh levels. Telomerase-positive subclones might either re-
more, levels of telomerase expression seemed to be nroral €longate their telomeres or continue to grow without a net
only slightly elevatet? in CP samples. However, a significantengthening of their telomeré8The selective growth advantage of
increase in telomerase expression was found in samples that wahe cells with increased levels of telomerase following selection of
obtained during BP. Taken together, these findings support &@lls mediated by telomere-mediated genetic instability would thus
association between progressive telomere shortening in CP &&dexpected to resultin CML BP.
up-regulation of telomerase activity or a relative increase in cells This model suggests that telomere length measurements in
expressing telomerase occurring late in disease evolution of CMiormal Phv and malignant Ph cells from patients with CML
should provide prognostic information relevant to the clinical
Model of telomere biology in CML management of individual patients. Further assessment of this
Based on the data reported so far by other groups and the res@Rgroach awaits validation in association with a prospective
presented here, we propose the following model of telomegéinical trial. The present studies establish the feasibility and utility
biology in CML (see also Figure 5). An increased rate of turnovef flow-FISH as a suitable methodology for this purpose because
in the leukemic HSC clone will result in a shorter telomere lengttepeated quantitative measurements of normal aridcets from
of Pht compared to polyclonal Phstem cells at diagnosis. Similar the same patient can be reproducibly collected.
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