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Long-term repopulating ability of telomerase-deficient murine
hematopoietic stem cells

Enrique Samper, Piedad Fernandez, Rall Eguia, Luis Martin-Rivera, Antonio Bernad, Maria A. Blasco, and Miguel Aracil

Telomere length must be tightly regulated
in highly proliferative tissues, such as the
lymphohematopoietic system. Under
steady-state conditions, the levels and
functionality of hematopoietic-committed
or multipotent progenitors were not af-
fected in late-generation telomerase-defi-
cient mice (mTerc ~/~) with critically short
telomeres. Evaluation of self-renewal po-
tential of mTerc —/~ day-12 spleen colony-

was greatly reduced as compared with type cells. Nevertheless, in competitive
wildtype CFU-GMs, indicating a dimin- transplantations late-generation mTerc ~ ~/~
ished capacity of late-generationmTerc ~ —/~  precursors can occasionally overcome this
committed progenitors when forced to proliferative impairment and reconstitute ir-
proliferate. Long-term bone marrow cul- radiated recipients. In summary, our results
tures of mTerc ~/~ bone marrow (BM) cells demonstrate that late-generation mTerc ~ ~/=
show a reduction in proliferative capac- BM cells with short telomeres, although
ity; this defect can be mainly attributed to exhibiting reduced proliferation ability and
the hematopoietic, not to the stromal, reduced long-term repopulating capacity,
mTerc ~/~ cells. In serial and competitive can sitill reconstitute myeloablated animals

forming units demonstrated no alteration transplantations, mTerc ~/~ BM stem cells maintaining stem cell function. (Blood. 2002;
as compared with wildtype progenitors. show reduced long-term repopulating ca- 99:2767-2775)
However, the replating ability of mTerc  ~/=  pacity, concomitant with an increase in

granulocyte-macrophage CFUs (CFU-GMs) genetic instability compared with wild- © 2002 by The American Society of Hematology

Introduction

Eukaryotic chromosomes are capped by a special structure, tbe BM regeneration result in a measurable decline in telomere
telomere, that in all vertebrates consists of tandem repeats of taegth. Analysis of human BM cells showed that, in vitro,
DNA sequence TTAGGG and of associated proteins. Telomeregomerase activity is repressed in quiescent stem cells, expressed
guarantee chromosome integrity by preventing illegitimate recorat low levels in cycling stem cells, and up-regulated following
bination, degradation, and end fusidifsTelomere shortening cytokine stimulatiort®1415Moreover, cytokine-induced differentia-
occurs in each replication cycle and is proposed to medidien of CD34" cells results in a decrease in telomerase actifity.
replicative senescence in human cells in culture, as well as tmeirine fetal liver and adult BM, results based on single-cell
aging procesd? Telomere maintenance involves a ribonucleopraanalysid” showed that the majority of long-term reconstituting BM
tein with reverse-transcriptase activity, called telomeP&3@lom- hematopoietic stem cells (HSCs) and transiently self-renewing
erase is active during human embryonic development and nsultipotent progenitors exhibit telomerase activity.
downregulated immediately after birt§.In adults, most normal Mice genetically deficient for the mouse telomerase RNA
somatic cells lack detectable telomerase activity, whereas cdlisTerc) gene lack telomerase activity and show telomere shorten-
from germline tissues and most tumors express high levels iofy at a rate of 4 to 5 kilobases (kb) per mouse generdtiihis
telomerase activit§.Telomerase activity is also detected in normashortening is accompanied by an increase in the number of
human somatic tissues containing cells with self-renewal capacitjyromosome ends with no detectable telomeres and in the fre-
such as those of the lymphohematopoietic sy$teand the skin quency of chromosome fusiofs°The mTerc/~ mice have been
epithelium?t studied on 2 different genetic backgrounds, the original mixed
Hematopoiesis requires self-renewal of stem cells, as well @7BL6/129Sv (B6/Sv) and pure C57BL6 (B6) backgrounds. The
proliferation and differentiation of the committed progenitors. ThimmTerc”’~ mice survive 3 to 4 generations on the B6 backgré@nd
process demands an extraordinary replicative capacity in certaind up to 6 generations on the B6/Sv backgrotintlate-
cell types, especially those of the immune system. Telomeresganeration mTercd— mice are infertile, show reduced viability, and
blood cells from bone marrow (BM) transplant recipients arexhibit defects in highly proliferative tissues, such as the hemato-
shorter than those in cells from the BM doid#? suggesting that poietic system and the geft?! In particular, late-generation
the additional cell divisions in the stem cell compartment requiradTerc/~ B6 mice show splenic atrophy, abnormal hematology, an
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impaired B- and T-cell reaction to mitogen stimulation, and with a mouse painting probe (Cambio, Cambridge, United Kingdom)
defective germinal center reaction following antigen immunizaccording to the manufactursrinstructions.

tion.22 Whereas the committed progenitor compartment of early-

generation mTerd~ mice shows no alterations on the basis oPPectral karyotyping analysis

colony-forming unit (CFU) assays, a statistically significant despectral karyotyping analysis (SKY) was performed on BM cells with
crease in the total number of colonies in Iate-generation mTerc SkyPaint M10 probes (Applied Spectral Imaging, Migdal Ha’'Emek, Israel)
mice has been reporté8isuggesting that the long-term renewal ofs describe@

HSCs is compromised following telomere loss. Although telomer-

ase is sufficient for telomere maintenance, alternative telomeraseng-term bone marrow cultures

mdeplendem miChams.ms ffor terllomgre I?ngther_nng ;lzve b%gnrﬂnary stroma were obtained by flushing the BM cells from one tibia and
postulated on the basis of mechanisms found in y&aStin one femur from wildtype and mTert mice directly into a 25-ciflask

situations demanding high proliferation, telomerase-independgpt, 10 mL Myelocult M5300 medium, supplemented with ~$0M
telomere-elongation mechanisms may operate in the hematopoigfigrocortisone and cultured at 32°C. Weekly exchange of half of the
organs of late-generation mTefc mice. Specifically, telomeres medium was performed for up to 5 weeks, and total cell number and
appear to be elongated in late-generation mTerenice during granulocyte-macrophage CFUs (CFU-GMs) were evaluated every week. At
B-lymphocyte clonal expansion in spleen germinal cerfeiere  termination of culture, flasks were trypsinized to detach the stromal cell
we study the effects of telomerase deficiency and telome@yer, and adherent cells were allowed to readhere to the culture plastic for 1
shortening in the murine HSC compartment. We evaluated tngrat37°C;totaI hematopoieticcel_ls and CFp-GMswere also analyzed in
self-renewal potential and competitive long-term repopulatinltge stromal layer. In seeding experiments, wildtype and G3 mei86

. . . . ng-term BM cultures (LTBMCs) were established as described above and
ability of late-generation mTeré~ HSCs compared with wildtype

L .. 21 days later were irradiated with a dose of 17 Gy; 3 days after irradiation,
controls. Our results indicate that under steady-state conditiogres were washed and seeded with T0F wildtype or G3 mTerc/-

telomerase deficiency does not impair stem-cell function. B6 Lin~ BM cells in 10 mL Myelocult M5300. Every 5 days, half of the
medium was changed, and total cells and CFU-GMs in suspension
were evaluated.

Materials and methods al .
onogenic assays

Mice CFU-GMs were analyzed (2Gells per milliliter) in MethoCult M3530
Different-generation mTeré~ mice and the corresponding wildtype con-medium (StemCt_aII Technologies). Erythroid burst-forming uni'ts (BFU-Es)
trols were analyzed on 2 different genetic backgrounds, a 90% pufére analyzed in MethoCult M3230 (StemCell Technologies) supple-
C57BL6 backgrour®® and the original mixed background (60% C57BL6,Mented with 6 U/mL erythropoietin (StemCell Technologies), 10 ng/mL
37.5% 129Sv, 2.5% SJL.Generation 3 (G3) mTeré~ C57BL6 and G Murine IL-3 (Biosource Ir_lternatlonal, Carr_larlllo, CA), and 50 ng/mL
mTerc’~ C57BL6/129Sv mice were used as late-generation animals; faurine st(_em cell factor (Biosource International). The pre-B CFUs were
some experiments, G3 mTefc C57BL6/129Sv mice were used asanalyzed in MethoCult M3630 (StemCell Technologies). Cells were added
early-generation animals. in 300 L and mixed thoroughly, and duplicates of 1 mL were dispensed
into 35-mm plates (Falcon, Plymouth, United Kingdom). Cultures were
incubated at 37°C, and colonies were scored at day 7 for CFU-GMs and at

Flow fluorescence in situ hybridization, quantitative day 12 for BFU-Es. Megakaryocyte-CFUs (CFU-Mks) were analyzed in
quorgsF:ence in situ hybrldl'zatlon, and telomeric serum-free cultures as descriBectultures were incubated at 37°C for 7
restriction fragment analysis days; individual colonies were stained for acetylcholinesterase aéfivity

Fresh BM samples were obtained by flushing the femora of wildtype ari ci:countled.t_For 2'33 gr’\c/)lllferla:tlve g_otr:antlal colqny-fgrrtmggf cellléHdPP-.
mTerc/~ littermates with sterile phosphate-buffered saline. BM was ) evaluation, ) culture dishes were incubated tor ays;

dispersed immediately in RPMI medium plus 10% fetal calf serum with treolonies Iarger thznp?:;scr::]cm |n|d|ame|tefr consisting of ilghgy p?(:lgeguczlnj
use of a 24-gauge needle. Flow fluorescence in situ hybridization (ﬂo\\/vv_ere scored as - S. In repiating experiments, day- -
FISH) was performed as describ&do normalize the flow-FISH protocol colonies harvested from methylcellulose cultures were resuspended in 300

2 murine leukemia cell lines of known telomere lengths, L5178Y-L anHL Iscoyes modified Dulbecco medium (Gibco, R_ockwlle, MD) and
L5178Y27 were used as internal controls for each experiment; telomerr%platecj in secondary methylcellulose cultures established as above.

length is expressed as telomere fluorescence units (1 telomere fluorescence
unit equals 1 kb of telomeric repeats). BM cellsX3L0P) were hybridized ASSay of day-12 spleen CFUs

with the telomeric peptide nucleic acid (PNA)—fluorescein isothiocyanagxogenous day-12 spleen CFUs (CFi)Swere assayed as described
probe (PE Biosystems, Framingham, MA), and the total telomere ﬂuoreﬁr’eviously??’ Briefly, groups of ten 3- to 4-month-old C57BL6 mice were
cence of at least 5000 single cells with g G; DNA content was analyzed jradiated with a split dose of 10.5 Gy (2 doses of 5.25 Gy spaced 4 hours
by means of a Coulter EPICS-XL flow cytometer (Beckman Coultegpart): an appropriate number of BM cells were injected into the recipients
Fullerton, CA) with the System 2 proprietary software package. via the lateral tail vein to obtain about 8 to 10 colonies per spleen. At 12
First, 5 10° fresh BM cells from wildtype and G3 mTert animals  gays after transplantation, recipients were killed; their spleens were
were cultured for 72 hours in Myelocult 5300 medium (StemCell Technolgamoyed and fixed in Telleyeniczky solution (44% ethanol, 31% acetic acid,

gies, Vancouver, BC, Canada) supplemented with 15% Wehi 3B cellnq 2 304 formaldehyde); and the number of macroscopic spleen colonies
conditioned media as a source of interleukin (IL)-3. Metaphase cells Wg{gs scored.

prepared by means of standard protocols. After dropping cells onto wet

slides, we hybridized metaphases with the telomeric PNA-Cy3 probe (I%%U-Slg self-
Biosystems) as described previou&Yuantitative-FISH (Q-FISH) analy-

sis was performed as describ®and analysis of telomere fluorescence waghe self-renewal capacity of the CFY,$opulation was determined by
carried out by means of the TFL telo program kindly provided by Peteneasuring the mean number of CF-Sontained in primary spleen
Lansdorp (Terry Fox, British Columbia Cancer Center, Vancouver, Canadedlonies. Groups of 15 irradiated mice (2 doses of 5.25 Gy, 4 hours apart)
Telomeric restriction fragment (TRF) analysis was carried out as derere inoculated with appropriate hematopoietic cell dilutions to generate
scribed!® Y-chromosome painting experiments were carried out on cellsetween 8 and 10 colonies per spleen. At 12 days later, 10 spleens per group

renewal capacity
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were excised and used for colony counting; the remaining 5 spleens wer g
removed and the cells dispersed through a nylon mesh in Hanks balance ;g 500

salt solution. The cell suspension was diluted, and appropriate aliquots wel ] O day 15
injected into groups of 15 irradiated recipients to generate a countabl _ & 400 O day21
number of spleen colonies 12 days after transplantation. 2 L g
= PRt W day 35
Long-term bone marrow repopulation assays % g g =
Female mice were conditioned as described in the CRllSsays; the g é
irradiation protocol was optimized to minimize endogenous reconstitu- g 100
tion.3* These assays were performed essentially as deséfibeéth the use £
of BM cells from wildtype and G3 mTeré~ B6 mice to generate the g T T Ce
chimeric grafts. Groups of 10 irradiated recipients received transplants ¢ m m
5 X 10° male wildtype or G3 mTerd~ B6 BM cells obtained from a pool
of cells from 3 animals. Recipients were killed 150 days after transplanta
tion, and BM cells were pooled and transplanted into secondary irradiate C D
female recipients. At 60 days after transplantation, secondary recipient 2% TE % T
were killed, and BM cells were pooled and transplanted into tertiary E E‘ I O stroma
irradiated female recipients, which were analyzed 60 days aftel E £ 30 3
transplantation. =3 §
For competitive transplantations, groups of 10 female irradiated recipi- 5 £ 5.

ents received transplants of chimeric BM that contained different propor- - é *
tions of female wildtype BM cells and male mTefc BM cells, as follows: 3] g
2 x 10° wildtype cells plus 2< 10 mTerc/~ cells; 2 1CP wildtype cells B * gw
plus 2x 10° mTerc/~ cells. The mTerc’~ BM cell suspension was apool e
of cells from 4 different G3 B6 mTer¢™ mice. Recipients were killed at 90, 0 WG G o e s o e
145, and 200 days after transplantation to determine the competitivi e, =
repopulating ability of the test populations. ’“Bl;f,;: wild-type G3 mTere " B6

i Figure 1. Hematopoietic cell production, CFU-GM production, and telomere
Dot blot analysis length of hematopoietic cells in wildtype, G3, and G6 mTerc ~ ~/~ LTBMCs from

different generations and genetic backgrounds. Cultures were established from

The extent of recon_stltutlon from mTefr’cF cells in recipient mice was (3 and G6 mTerc'- B6/Sv mice (panels A-C) or G3 mTerc—'- B6 mice (panel D) and
analyzed by evaluating the engraftment in BM and spleen of cells bearipgre maintained in Myelocult M5300 medium plus 10-6 M hydrocortisone at 32°C,
the neomycin resistance gefred), which replaced the entire mTerc genewith weekly exchange of half of the medium. (A) (B) Total cells (panel A) and total
in the knockout micé® Organs were removed and DNA was extracted a§FU-GMs (panel B) in suspension per culture flask, were evaluated at weekly
described® Dot blot analyses were performed as reported previdﬁsw_intervals. (C) At 5 weeks after initiation of the culture, the stromal layer of LTBMC was
Membranes were probed with an EcoRI/Sall fragment (1.2 kilobases [k tached, and total CFU-G.MS in stroma were evaluated. (D) Telomere fluorescence

R . K R . total BM cells at the time of establishing LTBMC (day 0) was evaluated by
from the pTZ18Neo plasmid (kind gift of J.C. Segovia; CIEMAT, Madnd'flow-FISH (black bars); at the end of the cultures (day 35), telomere length of
Spain). Different proportions of mTert /wildtype spleen DNA were hematopoietic cells in suspension cells (gray bars) and hematopoietic cells in stroma
mixed and used asreed internal standard. Hybridization with a fragment(white bars) was also evaluated by gating the population of intermediate forward light
of the glyceraldehyde 3-phosphate dehyrogenase (GAPDH) monocaisgtter and low right-angle light scatter, characteristic of lymphoblastoid hematopoi-

gene was carried out to confirm correct DNA loading in the do?tic cells. Results are expressed as the mean *= SD of 3 different experiments
blot membranes *P < .01; mTerc™/~ versus wildtype animals, for panels A-C; day 35 versus day 0

telomere length, for panel D.

cultures after 5 weeks of culture was 93¥%91890, 3887+ 2736,
Results and 914+ 622 CFU-GMs, respectively (Figure 1C).

LTBMCs were also established with BM from wildtype and G3
mTerc’/~ B6 animals, again revealing growth impairment in the
To examine the process of HSC self-renewal and differentiation @3 mTerc’~ B6 cultures in production of both total hematopoietic
mice lacking telomerase activity and with short telomeres, we usedlls and of CFU-GMs (data not shown). Telomere length of
LTBMCs of wildtype, G3, and G6 mTeré~ B6/Sv mice to mimic hematopoietic cells, both in adherent and in nonadherent cell
the BM microenvironment. At 5 weeks after initiation of culture populations, was estimated by flow-FISH at the endpoint of culture
the number of hematopoietic cells released from the stroma to ffiy 35) by gating the lymphoblastoid population and was com-
culture medium greatly diminished in G6 mTetcB6/Sv LTBMCs, pared with the mean telomere fluorescence of total BM cells at the
compared with wildtype controls. The average cell numbers ftime of establishing LTBMCs. For this telomere analysis, LTBMCs
wildtype, G3, and G6 mTer¢™ cultures were, respectively, established on the pure B6 background were used because of their
6.4+ 27X 1%, 25+ 1.7X 10F; and 0.65+ 0.35X 1(F cells stronger phenotype and lower heterogen®ifit day 0, telomeres
(Figure 1A). At this time, the CFU-GM content of cells inwere shorter in G3 mTer¢ cells than in wildtype cells (Figure
suspension was also examined in these cultures, and again a cl&3: For wildtype and G3 mTeré¢~ B6 LTBMCs, telomere length
reduction in colony number was observed in G6 mTércultures of hematopoietic cells in stroma after 35 days of culture was similar
compared with wildtype controls. The mean CFU-GM values fdo that of total BM cells at initiation of culture (Figure 1D), in
wildtype, G3, and G6 mTer¢~ B6/Sv cultures were 31t 109, accordance with the fact that these cells are slowly proliferating
122+ 86, and 39+ 37 CFU-GMs, respectively (Figure 1B). hematopoietic progenitofd.In contrast, average telomere fluores
CFU-GM content was also reduced (90%) in the hematopoietitence of hematopoietic cells in suspension was reduced to
cells attached to the stroma of G6 mTercB6/Sv LTBMC; the 67% = 6% of the initial telomere fluorescence values for wildtype
mean CFU-GM content for wildtype, G3, and G6 mTercB6/Sv  and 76%=* 4% of the initial telomere fluorescence values for G3

Long-term mTerc ~/~ BM cultures
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mTerc’~ B6 LTBMCs (Figure 1D). This loss of telomeric signal, A = = 39 . . B & &3
equivalent to 7.1 and 5.2 kb for wildtype and G3 mTércB6 Q > 2 2 3 2 2 %
cells, respectively, is probably a consequence of the accumulated,,, S 8 & & & & | . %5 8
cell divisions undergone by the hematopoietic cells released from .
the stromal layer. sle e o||® 0 s s

To elucidate whether the defective hematopoietic proliferation =S B
in mTerc’~ LTBMC can be attributed to a defect in hematopoietic 2 - . ‘Il * E pe001|
progenitors or to a defective stromal support, we analyzed culture§ e T . 7 £ 1
of G3 mTerc’/~ B6 Lin~ hematopoietic cells seeded on irradiated S |* * i ¢ N § .
wildtype stromal layers and wildtype Linhematopoietic cells 4 . *f HH -
seeded on G3 mTert B6 irradiated stromal layers. The Lin § ? “F." L f :
cells used in the seeding experiments were shown to be free of ¢ T L R LT T T 0 O-ﬁ o
fibroblast-CFU activity; moreover, the irradiated stroma were not z g g 5 gE LB LB Y By RN
able to produce hematopoietic cells (data not shown). The prolifera- E% § § § B § R~
tion of mTerc’~ hematopoietic cells on irradiated stroma was 838 5 8 8 B 3 3 B
significantly reduced as compared with wildtype cells, irrespective B6/Sv B6 B6
of the genotype of the irradiated stroma. Correspondingly, G®ure 3. Analysis of multipotent and committed hematopoietic progenitors in
mTerc’/~ B6 irradiated stroma was able to support the proliferatiomTerc ~/= BM cells from different generations and genetic backgrounds. (A) BM

. s — . . . cells were analyzed for CFU-GM, pre-B CFU, CFU-Mk, HPP-CFC, and CFU-S;,
of W”dtype hematop0|et|c cells S|m|IarIy to Wlldtype Il’radIatedcontent as described in “Materials and methods.” (B) The replating ability of CFU-S;,

stroma (Figure 2). No differences in CFU-GM concentration Wergg cru-GMs was analyzed. Individual CFU-Sy, spleen colonies generated in

observed (data not shown). irradiated mice were dissected, dispersed, and injected into secondary irradiated

recipients and assayed for secondary CFU-S;,; CFU-GM colonies were isolated,
Analysis of multipotent and committed hematopoietic replated in methylcellulose cultures, and assayed for secondary CFU-GMs. Results
progenitors in mTerc -I- BM cells are shown independently; the statistical significance of differences between mean

values (m) was determined by means of the 2-tailed Student t test.

BM cell suspensions derived from wildtype and late-generation

mTerc’~ mice were compared for their content in hematopoietic- The replating potential of cells from primary CFU-GMs of
committed progenitors (CFU-GMs, BFU-Es, pre-B CFUs, CFUwildtype and G3 mTerd~ B6 mice was analyzed in secondary
Mks, and HPP-CFCs), and for the most primitive clonogenimethylcellulose cultures. Interestingly, the clonogenic ability of
progenitor, CFU-$. The mTerc/~ mice of the 2 previously primary colonies was significantly lower in G3 mTetc B6
described backgrounds, B6 and B6/Sv, were used. When BM cdéllEU-GM cells compared with the corresponding wildtype cells
from wildtype, G3, and G6 mTeré™ B6/Sv mice were assayed for (21.3*= 8.9 and 4.0+ 3.3 secondary CFU-GMs/primary CFU-
CFU-GM content, no differences were observed (Figure 3AEM, for wildtype and mTerc'~ cells, respectively) (Figure 3B). To
Similarly, no significant differences in number, colony size, odetermine whether the proliferative disadvantage of late-generation
composition were observed between wildtype and G3 mTe86 mTerc’~ versus wildtype cells could influence the self-renewal
mice (Figure 3A). Although telomere length in BM cells frompotential of HSCs in late-generation G3 mTerc B6 animals,
late-generation mTeré mice was significantly shorter than in CFU-S, were assayed; individual CFUScolonies were dis
wildtype animalsi®2°no severe hematopoietic imbalance could beected, dispersed, and injected into irradiated secondary recipients,
detected in physiological conditions. and the number of secondary CFl,%as scored. The number of
secondary CFU-3 per primary CFU-$ is a direct measure of the
self-renewal ability of the multipotent hematopoietic precursor that

80 - : -
originated the primary CFU-$ colony. An increased (but not
[ days statistically significant) number of secondary CF-%8/as ob
60 [@ day10 served in mice inoculated with G3 mTefc B6 cells com-
i W day 14 pqred with wildtype m_ice (12.¢ 6.4 and 21.4_t 16.6 CFU_—SZI
i) primary CFU-S, for wildtype and mTerc/~ mice, respectively)
g 9+ (Figure 3B).
F
s Long-term repopulating ability of mTerc ~ ~/~ BM cells
20 |
K. To assay in vivo the role of telomerase in the maintenance of the
i hematopoietic function, the long-term repopulating ability of G3
0 L I ] | /- ; T4
e s o . T e mTerc BG_ BM ceII_s was an_alyzed by serial and co_mpetmve
e T — BM el transplantation experiments. First, telomere length of wildtype and
cells .
i o . : o G3 mTerc/~ B6 BM cells that were used as inocula for the
Figure 2. Kinetics of wildtype and G3 mTerc ~ ~/~ B6 Lin ~ BM cell proliferation on | | d by 3 hods: TRE lvsi |
irradiated wildtype and G3 mTerc ~/~ B6 stromal layers. Wildtype and G3 transplants was evaluate y 3 methods: analysis on puise-

mTerc~'~ B6 LTBMCs were established and maintained as described in Figure 1. field gel electrophoresis, flow-FISH analysis, and Q-FISH analysis
After 21 days, cultures were iradiated with a dose of 17 Gy; 3 days after irradiation,  on metaphase spreads. As previously described for m’Terc
cultures were seeded with 7 X 105 wildtype or G3 mTerc/~ B6 Lin~ BM cells. i~ 18,38

CFU-GM content of the seeded cells was 178 and 177 CFU-GMs per 10 cells for B6/Sv mlce} tt_alomeres of the G3. mTert" B6 cells showed a .
wildtype and G3 mTerc~/~ B6 Lin~ BM cells, respectively. Every 5 days, half o the ~ fe€duced telomeric signal by the 3 different methods. TRF analysis
medium was changed, and total cells and total CFU-GMs in suspension were  separates high—molecular weight DNA fragments, which consist of
evaluated. Results are expressed as the mean + SD of 4 different experiments. telomeric DNA and a small portion of subtelomeric DNA. TRF size
*P < .01, *P < 001, ***P < .0001; for mTerc~/~ BM cells versus WT BM cells . . .
seeded on the same type of stroma. #P < .01; for WT stroma versus mTerc '~ stroma | &1g€ Was 60 to 20 kb for wildtype BM cells and 70 to 6 kb with a

seeded with the same type of BM cells. smear of low—molecular weight telomeres for G3 mTérd6 BM
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cells (Figure 4A). Further characterization of telomere fluorescence
by flow-FISH showed a 40% reduction in the telomeric fluores-
cence intensity in G3 mTer¢ B6 cells compared with wildtype
controls (Figure 4B), in accordance with TRF results. Finally, the
telomere size distribution of metaphase chromosomes analyzed by
Q-FISH indicated a shift in the length distribution toward shorter
telomeres, with a small proportion of undetectable telomeres in G3
mTerc’/~ B6 cells (Figure 4C). Measurement of telomeres by all 3
techniques indicated that G3 mTefc B6 BM cells show shorter
telomeres than wildtype controls. Cytogenetic inspection of the
primary BM metaphases did not show a significant increase in

cytogenetic aberrations in the 25 metaphases analyzed.

Serial BM transplantations were carried out with irradiated
female recipients; X 1P total BM cells (containing approxi
mately 50 HSCs) obtained from a pool of 4 BM samples from B
wildtype or G3 mTerc/~ B6 male donor mice were used as 1250
inoculum. The extent of exogenous reconstitution from male cells @n
was analyzed 5 months after transplantation by Y-chromosome
painting of total BM cells of the recipient animals. Unexpectedly,
although G3 mTercd~ B6 BM cells showed a significant reduction
in telomere length (Figure 5A), their contribution to the reconstitu-
tion of the lymphohematopoietic system after BM transplantation
was remarkable (45%) when compared with the corresponding
wildtype BM cells (84%) (Figure 5A). Similar results were
previously obtained when BM transplantations were carried out LE e
with the use of G6 mTer¢~ B6/Sv BM cells (data not shown).
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R X i . K igure 5. Evaluation of exogenous reconstitution of transplanted irradiated
nuclei from wildtype and G3 mTer¢™ B6 inocula, in comparison hosts by wildtype and G3 B6 mTerc  ~/~ bone marrow cells. (A) Quantification of Y
with primary transplanted BM cells, was analyzed. As seen ihromosome-positive cells in the BM of irradiated female hosts after primary,

Figure 5B, a significant reduction (38%) in the telomere fluore
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Figure 4. Characterization of telomeres of BM cells from wildtype and G3

mTerc ~/~ B6 animals by telomere restriction fragment, Q-FISH, and flow-FISH

analysis. (A) Telomere length estimation by telomere restriction fragments in pools of
primary BM cells from 3 wildtype and 3 G3 mTerc~/~ B6 animals used for transplants
into irradiated hosts. The telomere restriction fragments were separated by pulse-
field gel electrophoresis, blotted, and hybridized to a P32-labeled TTAGGG probe.
Note the presence of low—molecular weigth TRFs in the G3 mTerc~/~ cells, which
correspond to telomeres of 20 kb to fewer than 6 kb. (B) The same cells were
hybridized with a flourescent PNA probe to measure telomere length by flow-FISH.
Results are expressed as the mean * SD of 3 different animals. (C) Telomere length
distribution of primary and transplanted BM metaphase cells as determined by
Q-FISH with the use of a telomeric PNA-Cy3 probe. The G3 mTerc~/~ cells showed a
lower telomere flourescence and a change in size distribution toward shorter
telomeres. Ten metaphases obtained from a pool of BM cells from 3 different animals
were analyzed. A telomere fluorescent unit (TFU) corresponds to 1 kb telomeric DNA.

§§condary, and tertiary transplants with wildtype and G3 mTerc~/~ B6 male BM cells.
Quantification was performed by chromosome painting with a mouse whole-
chromosome painting probe directly labeled with Cy3. A pool of BM cells from 4
different animals was used; the number of cells analyzed is represented above each
bar. Grey bars indicate the expected exogenous reconstitution, taking into account
the reduction in the percentage of Y cells inoculated in each sequential transplant.
(B) Quantification of telomere fluorescence by Q-FISH in male nuclei of wildtype and
G3 mTerc/~ B6 BM cells used as inoculum for transplants and 5 months after
transplantation of those cells into irradiated female recipients. The telomere fluores-
cence was analyzed in nuclei that were positive for the Y-chromosome painting
probes in a second sequential hybridization. The number of nuclei analyzed is
represented above each bar. Results are expressed as the mean *= SE. *P < .01 for
inoculum versus primary transplant.

cence of the transplanted wildtype cells versus the primary
wildtype inoculum was observed. On the contrary, the transplanted
G3 mTerc’~ B6 BM cells showed a slight reduction (9%) in the
telomeric signal, but it was not significa® & .05).

A pool of 5X 10° BM cells from 4 primary recipients were
inoculated into secondary irradiated female recipients, analyzed 2
months after transplantation, and retransplanted into tertiary irradi-
ated female recipients following an identical procedure; BM cells
from recipients of the secondary transplants were also analyzed 2
months after transplantation. A decrease in the percentage of
Y-chromosome—positive cells was observed with succesive trans-
plantations. This decrease cannot be explained solely by the fact
that each sequential BM-transplanted cohort is receiving fewer
male cells, because of the endogenous reconstitution that is taking
place in primary and secondary recipients. Both wildtype and G3
mTerc’/~ B6 cells show a decreased BM-reconstituting ability,
with this effect being observed earlier in mTefc cells than in
wildtype cells (Figure 5A).

Spectral karyotyping analysis was performed in 25 to 27
donor-derived metaphases from transplanted wildtype and G3
mTerc’/~ B6 BM cells. Transplanted male mTerc cells showed
an increased chromosomal instability (Table 1); interestingly, 8 out
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Table 1. Chromosomal instabil.ity of wildtype and.GS in Terc -/= C57BL6 bone reconstitution in BM and Sp|een’ respective|y) (F|gure7) In mice
marrow cells 5 months after primary transplantation transplanted with the highest mTefc-to-wildtype cells ratio,
Metaphases _ Cells with 10:1, the contribution of G3 mTert B6 cells to hematopoietic
Transplanted cells analyzed, no.  Translocations found  translocations, % — .
reconstitution was more evident, even at 200 days after transplanta-
Wildtype (XY) 25 1(16:?), in 1 metaphase 4 tion (42%+ 20% and 51%+ 15% mTerc/~ reconstitution in BM

G3 mTerc™/~ B6 (XY) 27 t(5;6), in 8 metaphases 36*

and spleen, respectively). In 1 of 5 animals, reconstitution was
t(7;13), in 1 metaphase

almost fully accomplished by G3 mTerc cells (Figure 7).

mTerc indicates telomerase-deficient mice; B6 indicates C57BL6. These results suggest that G3 mTércB6 BM cells have a

*P < 0L proliferative disadvantage in competitive transplantations with

wildtype BM cells. We also show that G3 mTefc B6 HSCs can

of 9 translocations were clonal robertsonian translocations betwegasionally reconstitute myeloablated animals and overcome their
chromosomes 5 and 6 (Figure 6). Despite the increased numbePliferative dlsadv_antage; this b_ecomes more likely Wh_en t_he ratio
translocations in mTeré~ G3 BM transplanted cells, no indica ©f transplanted wildtype cells is reduced, thus subjecting G3
tions of any preleukemic phenotype were observed in hemografiderc”’~ HSCs to strong proliferative stress.
of these mice (data not shown).

To further study the effect of telomerase deficiency and short
telomeres on the long-term repopulating stem cell (LTRSQ)iscussion
compartment, competitive long-term repopulating assays were
performed. Lethally irradiated mice were reconstituted with varHighly proliferative tissues, and those specific cell populations
ous ratios of BM cells from wildtype and G3 mTefc B6 mice. subjected to demanding proliferative stimuli, require telomerase
The extent of lymphohematopoietic reconstitution by G3 mTerc activity to perform their physiological functions without compro-
B6 cells in BM and spleen of transplanted mice was analyzed at 90ising cell viability through exhaustion of telomer¥sHSC
145, and 200 days after transplantation by genomic hybridizatioells are a scarce and heterogeneous population lodged in adult
with a ned-specific probe. In mice transplanted with 1:1 (G38M that is responsible for functional maintenance of the
mTerc’/~-to-wildtype) ratio, reconstitution after 90 days wadymphohematopoietic systefAHSCs are thought to be quasigui
almost exclusively by wildtype cells (16% 12% and 28%+ 6% escent under steady-state conditiéh$he capacity of HSCs to
BM and spleen reconstitution, respectively, by G3 mTércells) modulate telomerase activity after proliferation or differentia-
(Figure 7), indicating a competitive disadvantage in G3 mTerc tion stimuli may be critical in completing the cell-renewal
HSC proliferation. When the ratio was increased to 10:1, BMrocess that maintains blood cell turnover throughout the
reconstitution by G3 mTer¢™ cells increased to 38% 21%, with lifespan of an individuat®4! In human BM cells, low telomer
1 of 4 lethally irradiated recipients partially reconstituted (69%se activity levels were demonstrated in multipotent HSCs
reconstitution) by G3 mTer¢- B6 HSCs (Figure 7). Analysis 145 (CD34*CD38"), with significant upregulation of enzyme activ
days after transplantation showed a reduced contribution of @8 in the presence of proliferation-inducing cytokines to reach
mTerc’~ B6 cells to the BM reconstitution of myeloablatedthe levels found in committed progenitors (CD32D38").
animals transplanted with 1:1 ratio (38%21% and 41%*- 28% CD34 cells appeared to have telomerase levels similar to those

Figure 6. Increase in cytogenetic aberrations in Y~ * pri-
mary transplanted G3mTerc ~/~ BM cells. Spectral karyo-
typing was performed on metaphases of transplanted

’lﬂ_ ‘I #il ?i' &", ;'i' ’*‘i' L ll| wildtype and G3 mTerc '~ B6 BM male cells after 5

months of transplantation into female myeloablated hosts.

s (A) Image of a typical mTerc~/~ metaphase after SKY

AT . A I‘ = i‘ ,"gi. @ m. -i‘ ( i‘ i 4 i analysis showing a robertsonian translocation between
< ; ; 3 : chromosomes 5 and 6 (classified colors). (B) Correspond-

ing reverse 4'6-diamidino-2-phenylindole-2HCI (DAPI)

i ﬁ :1 i* i E. ’d i] i ' .i. .E‘ ’*i"‘ i. image of the same metaphase. (C) Complete karyotype

E 1 of the same metaphase showing the chromosomes by
i‘ o i‘ a B i i i sHe = n‘ : i Yal ) spectral, DAPI, and classified |mage§, rgspectlvely. ED}

i S S T 8] 5, 15— ]| 13 . = Sk . Examples of the clonal t(5;6) translocation in G3 mTerc ™/
- B6 BM cells.
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Inoculum Days after transplantation

genitors (CFU-$,) showed no alteration in late-generation G3

mTerc/~ B6 mice. These results indicate that the reduction in
telomere length observed in late-generation mTerenice (G6

for B6/Sv and G3-G4 for B6 backgrounds) does not influence
the steady-state levels of different hematopoietic progenitors,
concurring with normal blood cell homeostasis in late-

generation mTerc~ mice?! The replating ability of G3 mTerd-

(ratio mTR™":WT = 1:1)

: : ; : g:::ll : : : ; : i B6 CFU-GMs was greatly reduced as compared with wildtype
(catio mTR-wWr =10 |80 9 41| a8 30 35 27 8 _CF_U-GM, W_hll_e_that of C_FU-%_Z was not_ altered; this may
® ® 0 0|0 |@g e 8 ° @ indicate a diminished proliferative capacity of late-generation
820 8 swm|® @ @ @ &) % rerc/- BM progenitors when they are forced to proliferate.
This effect is observed only in committed progenitors (CFU-
. e eraar® GMs), not in pluripotent progenitors (CFUg$, probably
because CFU-GMs have gone through more cell divisions and
¢ e e 3 @ gapdh may have exhausted their proliferative capacity earlier.
33 22 L1059 827 011 . g DNA Proliferative disadvantage has been observed when late-

Figure 7. Competitive long-term repopulating ability of G3 mTerc ~ —- B6 Bv  generation mTerd~ LTBMCs on the 2 genetic backgrounds

cells. Groups of 10 irradiated recipient mice were inoculated with different propor-

tions (1:1 and 10:1) of G3 mTerc~/~ B6 versus wild type BM cells; 2 X 10° wildtype
cells were inoculated in all animals, and the number of mTerc~/~ cells was 2 X 105
and 2 x 108 in the 2 groups, respectively. The wild type and mTerc~/~ BM cell
suspensions were a pool of cells from 4 different animals. Recipients were killed at 90
(all groups), 145 (1:1 group), and 200 days (10:1 group) after transplantation, and the
competitive repopulating ability of the test populations was evaluated by hybridization
of BM and spleen (Sp) DNA with a neo'-specific probe (which has replaced the mTerc
gene in the mTerc~/~ mice). Signal intensity was analyzed by densitometer by means
of the ImageQuant program (Amersham Biosciences, Sunnyvale, CA). A titration of
mixtures of different proportions of mTerc~/~-to-wild type splenic DNA is shown in the
bottom of the Figure; this was used to quantitate the densitometric analysis of the
autoradiography. Hybridization with a fragment of the GAPDH monocopy gene was
carried out to correct DNA loading in the dot blot membranes; the corresponding
control for GAPDH hybridization is shown in the bottom panel. Each sample in the dot
blot represents a transplanted individual. Data are represented as the percentage of
reconstitution by G3 mTerc~/~ B6 BM cells.

were established and analyzed. In LTBMCs, HSCs proliferate
and differentiate under conditions mimicking the BM microenvi-
ronment. Total BM cell and CFU-GM production in late-
generation mTerd~ LTBMCs was reduced as compared with
similar wildtype cultures on both genetic backgrounds. The
proliferative disadvantage was fully evident in all LTBMCs
from late-generation mTeré mice analyzed, but not in all
early-generation mTer¢~ cultures. This heterogeneity of -re
sponse may be attributed to existing variation in the average
telomere length among different same-generation aniffals.
similarly impaired proliferative capacity has also been observed
in late-generation mTeré¢™ splenocytes on the 2 different
genetic background$:?22That the proliferative disadvantage of

G3 mTerc/~ B6 cells observed in expansion cultures and
found in stem cell4%.14-1641|n contrast, single-cell analysis of LTBMCs does not correlate with any alteration in the phenotype
telomerase activity in murine LirSca-1" cells suggested that of the expanded cells indicated that all cell lineages represented
the frequency of telomerase-expressing multipotent progenitdfsthe cultures must be equally affected, thereby reflecting an
appears to be closely related to the frequency of celpdteration in the multipotent progenitor compartment. The
with self-renewal potential’ The studies reported here evalu proliferative disadvantage of mTerc cells in LTBMCs can be
ated the consequences of genetic telomerase deficiency in &iibuted mainly to the hematopoietic, not to the stromal,
murine hematopoietic system, focusing specifically on theompartment, as evidenced by seeding experiments on irradi-
HSC compartment. ated stroma.

In mTerc’~ mice, telomere length declines at a rate ranging Transplantation of a limiting number of HSCs exerts a high
from 3 to 5 kb per mouse generation, depending on the genefigliferative demand on the stem cells that have to repopulate
background®29 No abnormalities in blood cell counts haveirradiated recipients. After 2 rounds of transplantation, the
been reported for G6 mTert B6/Sv mice!® although reduced telomere length has been shown to decrease by 7 kb; moreover,
lymphocyte numbers and increased neutrophil numbers hah@ extent of reduction in telomere length was found to be
been observed in G3 mTerc mice on a C57BL6 backgrourdd, dependent on the initial dose of transplanted HSCs. At 4 months
a genetic background with a shorter telomere length. Analysis after transplantation, mice reconstituted with limiting numbers
hematopoietic progenitors from mTefc B6/Sv mice showed of HSCS$Chad significantly shorter telomeres than mice recensti
that BM cells from G1 and G3 mTert mice are comparable to tuted with 3000 HSC#2 In our experimental conditions for BM
wildtype BM cells in their ability to generate CFU-GMs,transplantation, the percentage of donor cells in the BM of the
granulocyte-erythrocyte-monocyte-megakaryocyte CFUs amecipients was 84%; similar transplantations using late-
HPP-CFCs, whereas a statistically significant decrease in theneration mTerd~ BM cells showed their repopulating poten
total number of colonies obtained in late-generation G6 B6/3ial to be much lower (45%) compared with wildtype cells.
mice has been reporté@lin contrast, we observed no significantSecondary and tertiary transplantations indicated a progressive
differences in CFU-GM content in BM samples from G3 and G@ecrease in the repopulating ability of both wildtype and
mTerc/~ mice on the same mixed genetic background. ThimTerc’~ BM cells, an effect that cannot be attributed exclu
discrepancy may be due to the greater heterogeneity in telomsieely to the underlying endogeneous reconstitution. This may
length and the higher frequency of very long telomeres found neflect that telomere length has reached a critical length after the
BM cells of the mixed backgroun®.Similarly, CFU-GM levels first transplantation and is therefore hindered in competing with
were not altered in late-generation G3 mTérc B6 mice, the endogeneous reconstitution in subsequent transplantations.
confirming the same result in a different genetic background. Although the reconstitution capacity of mTefc BM cells
detailed analysis of other committed progenitors (BFU-Eslecreases earlier than in wildtype cells, it is surprising that
pre-B CFUs, CFU-Mks, and HPP-CFCs) and multipotent pranTerc’/~ BM cells are still able to reconstitute the irradiated
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hosts. This finding, together with the fact that a significartompartment. These results lead to conclusions that differ with

telomere shortening is not observed in G3 mTércB6 BM the report indicating that telomerase activity in murine hemato-

cells after transplantation, could reflect the existence of alterngsietic cells is associated with self-renewal potentidhterest

tive mechanisms of telomere maintenaf?¢€ or the clonal ingly, an increased chromosomal instability in transplanted G3

selection of BM repopulating cells with longer telomeres. In thimTerc/~ B6 BM cells was demonstrated in comparison with

regard, SKY analysis indicated that 35% of cells in the BM ofransplanted wildtype BM cells, although no evidence of a

mice reconstituted with G3 mTert" B6 BM cells are clonal preleukemic phenotype could be revealed.

because of the same chromosomal translocation. These result$n summary, our results demonstrate that telomerase defi-

indicate that late-generation mTefc HSCs have a disadvan ciency does not impair HSC function under steady-state condi-

tage when forced to reconstitute the hematopoietic compatiens; nonetheless, in situations that demand high proliferative

ment, but their self-renewal potential is not severely affectedapacity, such as transplantations of limiting numbers of HSCs,

The forced proliferation of mTerd~ BM cells in primary late-generation mTer¢~ BM cells exhibit a proliferative disad

transplantations results in increased end-to-end fusions apghtage that is occasionally associated with a moderate increase

therefore increased genetic instability owing to telomerg chromosomal instability. This conclusion is in agreement with

dysfunction. the diminished capacity of late-generation mTércmice to
Competitive BM repopulation assay is currently the experiespond to stresses known to challenge the proliferative reserve

mental procedure that most closely defines HSC functiéh. of the hematopoietic system, such as myeloablation with

Analysis of the ability of mTerc/~ LTRSCs to compete with 5-fluorouracil?t

wildtype LTRSCs (ratio, 1:1) confirmed the previously de-

scribed proliferative advantage for wildtype BM cells. This

concurs with the disadvantage of G3 mTercB6 BM cells

observed in our in vitro assays. When the G3 mTéreversus- Acknowledgments

wildtype cell ratio was increased to 10:1 in the graft, mTérc

LTRSCs repopulate BM and spleen for periods longer than\WWe thank Elisa Santos and Rosa Serrano for mouse care and

months. Accordingly, when the self-renewal ability of multipo-genotyping; Juan C. Cigudosa for technical help with SKY; Juan

tent CFU-3, progenitors was analyzed, no alterations werMartin-Caballero, M. Carmen Moreno, Irenéper, and Asuncio

observed in G3 mTer¢~ B6 cells, reflecting that telomeraseGarca for their assistance; and Fémoytisolo, Hans Riese, and

deficiency does not alter short-term function of the HSCathy Mark for critical reading of the manuscript.

References
1. Blackburn EH. Structure and function of telo- transplantation. Bone Marrow Transplant. 1998; nism in telomerase-negative immortal human
meres. Nature. 1991;350:569-573. 21:167-171. cells does not involve the telomerase RNA sub-
2. zakian VA. Telomeres: beginning to understand 13. Wynn RF, Cross MA, Hatton AM, et al. Acceler- unit. Hum Mol Genet. 19976:921-926.
the end. Science. 1995;270:1601-1607. ated telomere shortening in young recipients of 24. Teng SC, Zakian VA. Telomere-telomere recombi-
3. Harley CB, Futcher AB, Greider CW. Telomeres allogeneic bone marrow transplants. Lancet. nation is an efficient bypass pathway for telomere

1998;351:178-181. maintenance in Saccharomyces cerevisiae. Mol

shorten during aging of human fibroblasts. Na- -
Cell Biol. 1999;19:8083-8093.

ture. 1990;345:458-460. 14. Engelhardt M, Kumar R, Albanel J, Pettengell R, -

4. Allsopp RC, Vaziri H, Patterson C, et al. Telomere Han W, Moore MAS. Telomerase regulation, cell 25. Perrem K, Colgin LM, Neumann AA, Yeager TP,
length predicts rep”c’ative capacit;/ of human fi- cycle, and telomere stability in primitive hemato- Reddel RR. Coexistence of aIterpanve lengthen-
broblasts. Proc Natl Acad Sci U S A. 1992:89: poietic cells. Blood. 1997;90:182-193. ing of telomeres and telomerasle in hTERT-trans-
10114-10118. 15. Yui J, Chiu C-P, Lansdorp PM. Telomerase activ- g*;;‘;d (GM847 cells. Mol Cell Biol. 2001;21:3862-

5. Blackburn EH. Telomerases. Annu Rev Biochem. ity in candidate stem cells from fetal liver and )

adult bone marrow. Blood. 1998;91:3255-3262. 26. Ruffer N, Dragowska W, Thornbury G, Roosnek

1992;61:113-129.

6. Nugent CI, Lundblad V. The telomerase reverse 16. Hohaus S, Voso MT, Ortu-La Barbera E, et al.

transcriptase: components and regulation. Genes Telomerase activity in human hematopoietic pro-
Dev. 1998:12:1073-1085. genitor cells. Haematologica. 1997;82:262-268.

E, Lansdorp PM. Telomere length dynamics in
human lymphocyte subpopulations measured by
flow cytometry. Nat Biotechnol. 1998;16:743-747.

. . 27. Alexander P, Mikulski ZB. Mouse lymphoma cells
7. Blasco MA, Funk WD, Villeponteau B, Greider 17. Morrison SJ, Prowse KR, Ho P, Weissman IL. with different radiosensitivities. Nature. 1961:192:
CW. Functional characterization and develop- Telomerase activity in hematopoietic cells is as- 572.573.

i i sociated with self-renewal potential. Immunity.
mental regulation of mouse telomerase RNA. Sci- P ty 28. Zijlmans JM, Martens UM, Poon SS, et al. Telo-

560 1996;5:207-216. _ _

ence. 1995,269:1267-1270. meres in the mouse have large inter-chromo-
8. Wright W, Tesmer VM, Huffman KE, Levene SD, 18. Blasco MA, Lee H-W, Hande MP, et al. Telomere somal variations in the number of T,AG3 repeats.
Shay JW. Normal human chromosomes have Thir_tenln? and tum(';r’\l;(:ﬂ(ljat:rqgémgoluz‘; (;EAPS Proc Natl Acad Sci U S A. 1997;94:7423-7428.
: - acking telomerase . Cell. :91:25-34. i - i
long G-rich telomeric overhangs at one end. 9 ) 29. Samper E, Goytisolo FA, Slijepcevic P, van Buul
Genes Dev. 1997;21:2801-2809. 19. Lee_H—W, Blasco MA, Gottlieb GJ,_ Horner JW II, PPW, Blasco MA. Mammalian Ku86 protein pre-
9. Kim NW, Piatyszek MA, Prowse KR, et al. Spe- Greider CW, DePinho RA. Essential role of vents telomeric fusions independently of the

cific association of human telomerase activity mouse telomerase in highly proliferative organs. length of TTAGGG repeats and the G-strand
with immortal cells and cancer. Science. 1994; Nature. 1998;392:569-574. overhang. EMBO Rep. 2000;1:244-252.
266:2011-2015. 20. Herrera E, Samper E, Martin_—CabaIIero J, Flores 30. Samper E, Goytisolo FA, Ménissier-de Murcia J,

10. HiyamaK, Hirai Y, Kyoizumi S, et al. Activation of JM, Lee H-W, Blasco, MA. Disease states associ- etal. Normal telomere length and chromosomal
telomerase in human lymphocytes and hemato- ated with telomerase deficiency appear earlier in end capping in poly(ADP-ribose) polymerase-
poietic progenitor cells. J Immunol. 1995;155: mice with short telomeres. EMBO J. 1999;18: deficient mice and primary cells despite in-
3711-3715. 2950-2960. creased chromosomal instability. J Cell Biol.

11. Harle-Bachor C, Boukamp P. Telomerase activity ~ 21- Rudolph KL, Chang S, Lee H-W, et al. Longevity, 2001;154:49-60.
in the regenerative basal layer of the epidermis in stress response, and cancer in aging telomerase- 31, Lauzurica P, Sancho D, Torres M, et al. Pheno-
human skin and in immortal and carcinoma-de- deficient mice. Cell. 1999;96:701-712. typic and functional characteristics of hematopoi-
rived skin keratinocytes. Proc Natl Acad Sci 22. Herrera E, Martinez-A C, Blasco MA. Impaired etic cell lineages in CD69-deficient mice. Blood.
U SA. 1996;93:6476-6481. germinal center reaction in mice with short telo- 2000;95:2312-2320.

12. Akiyama M, Hoshi Y, Sakurai S, Yamada H, meres. EMBO J. 2000;19:472-481. 32. William N, Jackson H. Megakaryocyte assays.
Yamada O, Mizoguchi H. Changes of telomere 23. Bryan TM, Marusic L, Bacchetti S, Namba M, Cell. 1982;15:483-487.

length in children after hematopoietic stem cell Reddel RR. The telomere lengthening mecha- 33. Till JE, McCulloch EA. A direct measurement of

%20z dunr 60 uo 3senb Aq ypd'29/2020808U/8282891/.9.2/8/66/)Pd-a]01ie/pOO0|q AU SUONEDIIgNdYSE//:d}}Y WOIj papeojumog



BLOOD, 15 APRIL 2002 - VOLUME 99, NUMBER 8

34.

35.

36.

37.

the radiation sensitivity of normal mouse bone
marrow cells. Radiat Res. 1961;14:213-217.

Varas F, Bernad A, Almendral JM, Bueren JA. The
relevance of myeoloablative conditioning in the
engraftment of limiting numbers of normal and
genetically marked lymphohematopoietic stem
cells. Bone Marrow Transplant. 1996;18:981-989.
Harrison DE. Competitive repopulation: a new
assay for long-term stem cell functional capacity.
Blood. 1980;55:77-81.

Laird PW, Zijderveld A, Linders K, Rudniki MA,
Jaenisch R, Berns A. Simplified mammalian DNA
isolation procedure. Nucleic Acids Res. 1991;19:
4293.

Eaves CJ, Sutherland HJ, Cashman JD, et al.
Regulation of primitive human hematopoietic

38.

39.

40.

41.

STEM-CELL FUNCTION IN TELOMERASE-DEFICIENT MICE

cells in long-term bone marrow culture. Blood.
1991;28:126-131.

Hande MP, Samper E, Lansdorp P, Blasco MA.
Telomere length dynamics and chromosomal in-
stability in cells derived from telomerase null
mice. J Cell Biol. 1999;144:589-601.

Keller G, Lacaud G, Robertson S. Development
of the hematopoietic system in the mouse. Exp
Hematol. 1999;27:777-787.

Harrison DE, Lerner P. Most primitive hematopoi-
etic stem cells are stimulated to cycle rapidly after
treatment with 5-fluorouracil. Blood. 1991;78:
1237-1240.

Chiu C-P, Dragowska W, Kim NW, et al. Differen-
tial expression of telomerase activity in hemato-

42.

43.

44.

2775

poietic progenitors from adult human bone mar-
row. Stem Cells. 1996;14:239-248.

Allsopp RC, Chesier S, Weissman IL. Telomere
shortening accompanies increased cell cycle ac-
tivity during serial transplantation of hematopoi-
etic stem cells. J Exp Med. 2001;193:917-924.

Spangrude GJ. Characteristics of the hematopoi-
etic stem cell compartment in adult mice. Int
J Cell Cloning. 1992;10:277-285.

Harrison DE, Jordan CT, Zhong RK, Astle CM.
Primitive hemopoietic stem cells: direct assay of
most productive populations by competitive re-
population with simple binomial correlation and
covariance calculations. Exp Hematol. 1993;21:
206-219.

20z aunr 60 uo jsenb Aq jpd'29/2020808U/8282891/.9.2/8/66/sPd-0[011e/p00|q/}eU SUOKED!IgNdYSE//:d)Y WOl papeojumoq



