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ABSTRACT

The mechanisms that regulate the fate of hematopoietic stem cells are poorly understood. Hematopoietic growth
factors and factors in the microenvironment are clearly essential for ensuring the survival and differentiation of
hematopoietic stem cells, but their role in the selection between self-renewal and lineage commitment options is
unclear. Differences in the functienal behavior of purificd stem cells at different stages of development suggest that
developmentally-regulated intrinsic factors may play an important role in directing stem cell fate. Recent studics
stromgly implicate homeobox genes in these processes and have further emphasized the link between developmental
and stem cell biology. Changes in stem cell function during development correlate with measurable changes in
telomere length, and loss of telomere repeats may limit the replicative potential of stem cells. In order 1o reconcile

developmental changes in stem cell properties with loss of relomeric DNA, the intrinsic timetable model of stem

cell biology is

potential is limited to less than 100 cell divisions.
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INTRODUCTION

Mot blood cells have a limited life span. It is estimated
that an adult human needs to produce between 10" and 107
mature blood cells per day to compensate for the daily loss
of differentiated cells. Ultimately, this enormous production
of cells s derived from a population of hematopoictic stem
cells that may need o demonstrate some Torm of self-
renewal 1o sustain steady state hematopotesis and o recon-
stitute blood cell production following marrow injury. In
this review current issues related o the self-renewal proper-
tics and telomere biology of hematopoietic stem cells are
discussed. Mo attempt is made o cover the extensive litera-
ture in these general arcas. Instead, the author’s personal
view on issucs related o the topic are presented. [t is hoped
that this approach will stmulate further studies in stem cell
hiology that may help guide the climeal vse of stem cells in
gene therapy and novel mansplantation strategies,
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introduced. In this model, the self-rencwal propertics of stem cells are relative and their replicative

WHAT ARE STEM CELLS?

The life of a dedicared experimental hematologist was
simpler in the 1960s and 19705, Then, a stem cell was a
pluriporent cell with self-renewal potential that, in the
monse, could be found in various tissues, mcluding yolk sac,
fetal Tiver, hone marvow, and spleen. A convenient assay to
dereet and enumerare such stem cells was 1o inject cells from
these tissues into lethally irradiated recipients and score the
number of macroscopic colonics in the spleen (CFU-S) after
a period of 9 o 14 days [1]. Although it was shown that soeme
spleen colonics contained CFU-5 that could be deteeted
upon secondary rransplantavion, this heterogeneity was
accepted and explained by the notion that the self-renewal
process of stem cells has a stochastic component that could
be expressed as a speafic renewal probabilice [2]. The sima-
tion became more complicated when it was shown thar the
eolonies observed on day 9 were not the same or even related
tor those scored on dav 14 3]0 This situadon was probably
the first example of a theme that has been repeated many
rimes sinee in experimental hemarology: e, thar there is
functional heterogencity and a hierarchy within the pluripo-
tent stem cell population. The climax of the CFU-5 saga
demonstrated that precursors of CFU-S, and not CFU-S
themselves, are responsible for long-term lympho-myeloid



repopulation [4] and that such pre—CFU-S could be physi-
cally separated From CFU-5 d12 [5]

Several assays that provide better esomates of cells with
lomg-term repopulation potential have been proposed over
the last decade, One particularly promising assay is the com-
petitive repopulation assay in which lethally ireadiated recip-
ients receive transplants with limiting numbers of syngeneic
test cells together with a population of unmarked helper
cells [6,7]. By scoring the fraction of recipients with lym-
pho-myeloid repopulation by the rest cells as a funetion of
the transplanted cell dose, the number of competitive
repopulating units (CRUs) ina cell suspension can be deter-
mined by applying Poisson statistics. But owo picces of
informaton suggest that even the CRLU assay is not going to
be the ultimate stem cell assav, First, as was previously found
with purified human progenitor cells [5], it now seems evi-
dent that the phenonype [9] and functon [10] of the CRU
change quite deamatically during ontogeny, Second, both
the detecton of the CRU and the hehavior of the CRU i
vive appear to be critically dependent on host facrors,
notably radiation dose [11]. Surprisingly, cells that are clear-
Iv capable of contributing to long-term hematopoicsis
(exhibitng stem cell ehavior) do not show such properties

in recipients who have received low or very high radiaton
doses [11]. This abservation indicates that the Fate and
detection of stem cells is influenced by not only largely
unknown intrinsic (actors (with a developmental compo-
nent, see below), but also host factors that are poorly char-
acterized. “laken together, these observations have com-
pletely erodded the concept that stem cells represent a single
type of immortal cell of which only the frequency and
absolute numbers vary in different dssues, Instead, it now
appears that stem cells may at best be defined as pluripotem
transplantable cells with variable replicative potential that
are subject o developmental changes and unpredictable
(stachastic) components in their hehavior as well as poorly
characterized interactions with factors and cells of the
microenviromment from the host,

So what il experimental hematologists are having a hard
time with stem cell assavs and definitions of stem cells? The
problem, of course, is that without a measure or o delinition
ol what hematopoictie stem cells represent, it becomes very
difficult to address questions such as What are the molecular
mechanisms controlling self-rencwal? or, indeed, Do
hematopoictic stem cells self-renews?

WHAT IS SELF-RENEWAL?

Unfortunately, “self-renewal™ is another word thar is
almost as vague and widely used and misused as the waord
“stem cell.” "The weakest definition is the formation of sec-
ondary colonies by cells derived from a primary colony,
Although the colony-forming cells in question may he dif-
ferentiared cells and known to be completely separate from
transplantable stem cells, this type of replating s often
referred 1ooas self-renewal of the original colony-forming
cell. The strongest definivion of self-renewal is the reconsti-
tution of multiple mice with the progeny ol the same
marked stem cell [12-14]. This appears o represent sell-
renewal of stem cells by the most stringent of eriteria, The
word “sclforenewal,” however, is most ofien used 1o deseribe
propertics of carly hematopoiete cells somewhere between
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these two extremes, I sell-renewal is defined as a process in
which a cell division results in two daugheer cells thar are
identical to the parental cell n every way, sell=renewal actu-
ally may not exist. Indeed, loss of telomeric DNA in hemato-
poictc cells [15] and the developmental changes in such cells
[16] are difficult to reconcile with troe selli-renewal.

S what if self-renewal i absolute terms does not exi
Could relative self-renewal of hematopoietic stem cells sais-
fy the lilelong requirements for blood cell production in
normal mdividuals? What abour the |'u_~m-.1m|f>gi:_' reconsti-
tution in patients and experimental animals after myeloabla-
tion and transplantarion? Iv was recently shown that an
absolute increase in the number of CRUs (see above) can e
found i irradiated recipients of limited numbers of CRUs,
indicative of at least some degree of Tunctional self-renewal
i vive [17]. In these experiments, fetal liver CRUs showed a
greater i vive sell-renewal capacity than adult hone marrow
CRU and, irrespective of the source of cells, CRU numbers
never regenerated o normal levels. Although these studies
indicare thar seme degree of i vive self-renewal of CRLU s
possible, the differences in repopulation potential between
cells fromm dilferent sources also indicate the existence of
qualitative differences and a functional hierarchy even in the
cells defined as CRUs.

HOW DO STEM CELLS DECIDE WHAT TO DO?

Of fundamental interest to both experimental hematolo-
gists and developmental biologists are the mechanisms that
control the fare of primitive hematopoietic cells. Av any
point in time, a stem cell chooses to contribute to either the
immediate Tuture by ditfferentiating and producing commit-
ted progenitor cells, or the more distant requirements for
mature cells by undergoing a (functional)} self-rencewal divi-
sion. Tt was proposed that such decisions at the level of
pluripotent stem cells can be depicted as stochastic processes
that appear to be intrinsic to the cells [2.18]. "To some
extent, the stochastic nature of stem cell decisions may have
been at the root of the problems related o the assavs and
the definitions of stem cells and self-renewal. For example,
if contribution to long-term hematopoiesis requires mult-
ple self-renewal decisions that cach oceur with o certain
probahility, it would be impossible to prospectively separare
cells that, in retrospect, showed this nype of behavior (Le., by
retroviral marking) from those indistinguishable but fune
tionally equivalent cells that by chance did not display this
fate. [difficulties in purifying repopulating stem cells o
homogeneity that have been encountered by many investi-
wators support this possibilivy,

What factors could be involved in stem cell fare deci-
sions? In the last decade it has been thoughe thar cyrokines
and Factors in the (micro) environment of stem cells are the
key regulators of stem cell fate [19,20]. The dramaric clini-
cal effect of cvtokines, such as erythropodetin, granulocyte
colony-stimulating factor (G-CSF), stem cell Factor, and
thrombopaoietin, has underscored the eritical role that
evtokines play in the proliferation and differentiation of
committed hemaropoietic progenitor cells. Attempts o
maoddulate cell fate decisions using eyvtokines in carly hemaro-
poictic cells, however, have heen invariably unsuccessful
[18,21,22]. It now appears that the primary role of cytokines
and the microenvironment in the biology of stem cells is to
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provide an essemial but primarily permissive environment
required for their survival, proliferation, and differentiation.
If factors in the microenvironment do not dictate stem cell
fate decisions, what factors do? Important clues wo this cru-
cial question recently have been obrained by studying the
expression of homeohox genes in human hematopoictic cells
[23] and the overespression of such genes in murine lym-
pho-myelold repopulating cells [24]. It was found thar vari-
ous members of the homeobox family of transeripoon fac-
tors are dilferentially expressed in functionally distinet sub-
populations of CD34" hone marrow cells [23], and that the
overcipression of HoxB4 in murine stem cells resulis inoa
remarkable expansion of cells with long-term lympho-
mveloid repopulating potential [24]. Interestingly, all the
recipients of HoxBa—transduced cells appeared hematologi-
cally normal and did not show any signs of levkemic trans-
formation [24]. Are homeobox genes, the wenes regulated by
these genes or the genes that are Lu:f_{u]:mng the homeobox
penes themselves, the altimate regulators of stem cell fate?
Whar other transeriprion factors are involved? Can we
derive maodels that incorporate the essential components
imvolved in transeriptional control and use this informaton
to manipulate stem cells ex wéve in a way that is clinically
meaningful? Answers to these questions are cagerly awaited.
Giiven the known complexity of transeriptional regulation,
however, a detailed understanding of the molecular contraol
ol stem cell fate may not be achieved in the near future,

LOSS OF TELOMERIC DNA IN STEM CELLS

The correlation between telomere shortening and the
replicative life span of various somatic human cells [25] and
stielies demonstratng the expression of elomersse incan-
cer cells [26] have raised considerable interest i the stroc-
ture and function of chromosome ends, Most informaton
about the molecules and molecular mechanisms involved n
the mamtenance and function of telomeres has been
obrined in studies of unicellular organisms [27,28]. Under-

standing the soructure and function of wlomeres in cells of

multicellular organisms is complicated by questions about
{]m'n:](:ap[1]::nu|l hir:]ng_\,‘, the t:rgunixutiun of :-ct:“'—r'r_'l‘leu.-ing
tissues and replicative senescence, and limitatons of suan-
dard molecular techniques to address questions about
telomere hiology in heterogeneous cell suspensions and rare
cells such as stem cells,

[t could be argued that the loss of welomere repeats in
adult hematopoictic cells, including purificd stem cell candi-
dates, relative to feral hematopoietic cells [29] supports a
finite and limdred replicative potential of stem cells [15]. Bui
what abour the welomerase acoviey measured instem cells
[30] and various maodels in which relomerase is }mﬂul:uud 1w
extend the replicative life span of stem cells [31,32]7 A major
problem in answering such qunumn is that the acrual
replicative life span of stem cells 15 unresolved (see below)
and, consequently, the role of telomerase, if any in this
parameter, is also in question. Telomerase is clearly expressed
at very low levels in the most primitive, quiescent,
CD34CD3s ]]LIHJHJ]]HILUL cells from adule bone marrow
and its activity is markedly upregulated in CD34'CD38'
cells [33,34]. Recent studies also demonstrated telomerase
activity in CD347CH3E cells from deal liver |] Yui, C-P
Chiv, PM Lansdorp, unpublished observations, 1997]
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Figure |. Measurements of the telomere length in human cells do
not necessarily indicate replicative history
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arguably the best source of cyeling stem cells from human
tissue. Despite the presence of measurable telomerase,
replicative telomere shortening has been observed in lym-
phocytes [33] and hematopoietic ]ul'urv{-niml' cells [34], and,
in general, telomeres shorten with age in humans [25,36,37],
One Jﬁﬂhhlhlh[}f is that telomerase :ml} acts on (very) short
telomeres [38] and thereby inereases the replicative life span
of relomerase positive cells o an unknown extent (Fig. 1L
Alternatively, the measured telomerase activity in normal
lymphocytes and hemaropoietic cells may have no effect
whatsoever on telomeres i wive, possibly becanse telomeres
in somatc cells are inaccessible o welomerase.

[n order to address questions about the role of welomeres
in mammalian cells, better tools to study the length of wlom-
eres in single cells or limited numbers of cells are urgently
needed, Recently, we described the use of quantitative fluo-
rescence f site hybridizagon (Q-FIST for measurements of
(1AG, length of individual chromaosomes [38], This tech-
nigque was wsed o analvze the replication-dependent shorten-
ing of human telomeres in metaphase chromosomes through-
out the life span of individual Epstein-Barr virus (EBV)-trans-
formed B ocell clones from a male individual [39)., Telomere
Muorescence intensity values decreased at a caleulated rate of
=60 base pairs/doubling and individual {sex) chromosomes
showed the same rate of telomere loss, In agreement with
published terminal restriction fragments (TRI) length meas-
urements obtained from the same cells [40], few telomere
repeats were lost after more than 80 population doubling,
thus suggesting telomerase-mediated welomere stabilization,
A model that is compatible with these observadons is shown

Figure 1 (right panels). Could the relomerase activity
measured in lymphocytes [35], candidate human |34 ] Yui, C-
I Chiu, PM Lansdorp, unpublished observatons, 1997], and
murine [30] stem cells be capable of extending the replicavve
life span in such cells in a manner similar to that in these
FEBV-transformed B cells? Could variations in the threshold
for telomerase activaton vary between cells (e.g., as shown in
the two right panels of Fig. 17 In general, such possibilines

finet
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nuclear matrix

Figure 2. Candidate molecules involved in the regulation of human telomere length
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cellular orgamsms, A major difference berween the mortal
somatic cells of vertehrates and the cells of immortal unicel-
lular organisms is, of course, the replication-dependent loss
of telomere repeats in somatic cells and their replication-
dependent senescence. If anything, the regulation of telom-
ere length in human cells is likely to be more complex than
shown in Figure 2. Oversimplifications related o the rale of
telomerase in cancer and immortality are difficult o fivino

caution against using telomere length measurements as
absolute indicators of the replicarive life span or turnover of
cells as in recent studies of lymphocvies [41,42]

Knowledee about the biology of telomeres, especially in
unicellular organisms such as tetrahymena, oxytricha, yeast,
and euplotes, has increased dramatically during the last few
years, A speculative model hased on an interim report of the

ficld (June 19971 is provided in Figure 2. Fssental featores

of this hypothetical model are: 1) the potendal contribution
of many different telomere binding or capping proteins in
telomere length regulation; and 2) the exchange between an
active clongating telomerase comples and an inacove elom-
ere cap, mediated by proteins binding to telomere repeats
{Fig. 2, 14 Most of the indicared molecules have nor yet
been cloned in homans and are proposed solely on the hasis
of cxpected homology with known maolecoles cloned inouni-

this complex picture,

THE INTRINSIC TIMETABLE MODEL

In order to reconcile a finite replicative potential of
stem cells with developmental changes in their function,
telomere shortening, and transplantation data, a simple
model of stem cell biology is proposed (Fig. 31 This model,
called the intrinsic tdmewble (1T model, postulates that
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Figure 3. The intrinsic time table model of stem cell biclogy
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self-renewal s relative, under strict developmental eontrol,
and unpredictable ar the level of single cells. In the first ver.
sion of the model (Fig, 4A), the self-renewal probabilivy (p)
ol stem cells is under developmental contral, whereas in the
aleernavive version {Fig. 48 the fraction () of stem cells
commnitted to differentiate increases with each subsequent

generation. In both versions of the model, the size of the

stem cell pool is reg
(1=pl=p2=0.5 or 0={1=
at different stages of development and the replicative history
of individual cells. The ame interval before two daughier
cells enter mitosis is postulated o vary (ol #02 in Fig. 4 as
an important independent variable thar is potentially subject
tor external control.
cells from the same and different generatons will resultin a
hierarchy of stem cells that differ in replicative history as
well as poor Fvalues corresponding to their gum_-r-.u'inn.

2217 according to requirements

IMfTerences in tarnover berween stem

The I'T maddel i similar o the generation-age hypothe
sis proposed in the late 1970 [43], In this hy pnllwﬁla, the
number of preceding cell divisions or generations was pro-
poseil to inerease the probability of individual stem cells to
form two committed precursors. In the TT model, sclf-
rencwal and lineage commitment of stem cells are
intrinsic processes based on two alternative versions (igs,
A and 48y of essentially asymmetric cell divisions [44-44],
The I'T model incorporates the observed loss of welomere
DNA In candidate stem cells wo indicare o gmetable for siem
cells in which self-renewal is relative and limited. Further-
in stem cells is pro-
posed to be subject to both inrinsic, tlr.'.w:|Upln1_'l‘|1;1||}-' reg
lated contral and extrinsic regulation by factors af the host,
Feedback from the microenvironment results in very slow
turnover of most stem cells during steady state adult hemato-
poiesis [47], bu can also crigger the proliferation of primicve
stem cells (as in generavon-age) following marrow injury. In

also

more, the regulation ol the cell cvele

adults, such rebound hematopoiesis requires the presence of

a reservoir of primitive stem cells with feral self-rencwal
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Figure 4. Asymmetric cell divisions in hematopoiesis
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propertics linked to their proliferative history. o the maodel
proposed here, this reservoir may be depleted after repeated
challenges with marrow Bilure as a resule. Finally, differences
in the replicatve history of stem cells are postulated o grear-
Iv contribute to the funcoonal diversity and a funcrional
hierarchy of stem cells in various hematopoietic tssues,

Omne of the most provocative predictions of the I'T is that
lifelong producoon of matare blood cells is derived fronm pri-
mordial stem cells with a limited replication potential. The
ohserved loss of relomeric DINA i CDAACDAS cells from
adult hone marrow relagve o the IINA from fewal liver cells |29]
supports this noton, In theory, only a limined number of cell
divisions are needed (=100, Table 1)t meet the lifelong
re Juu'cmtm.‘; for mature blood cells festimated production of
107 cellsfday in adulis) i one assumes exponential cell produe-
ton. According o this tepe of caleulation, a |'|:|}|iL‘:’!li::!l patental
of 1) cell divisions represents o lirge excess relative 1o maxi-
i requirements for lifelong steady state hematopoiesis, and is
probably maoare than sulficienr wo explain regeneration and trans-
plantation data, A limited replication potential of stem cells
requires that few such cells are wasted in the hemaopoietic sys-
rem (e, by apaptosis, selection, or compention for lmited stem
cell niches). Foonomical use of a limited replication potental in
stem cells 15 certainly compaible with the observaton that most
stem cells inadules {defimed by almost any assav) are quiescent,
nomeyeling cells or cells with a very slow turnover [47],

The TT model further predicts that the probability of a
self-renewal division or the fraction ol diillll_'j'r_‘l‘lli;nin_{f cells



Table 1, Seeem colle wmary be progeamed so divide less than ene badved tives

Number of Number of
divisions cells produced Comments
o 1’
10 n*
kL] 1
40 10" upper limit daily preduction bloed cells in
adults
50 o'
(11 410" upper limit life leng productien blood cells
75 4,107 enough bloed cells for the life of a million

individuals

together with the overall turnover speed (generation time)
of stem cells are linked in some way 1o their developmental
stage and replicative history (generation). As a result, the
organism ensures that the number of stem cells increases
with the increase in cell mass, while also ensuring increased
production of mature blood cells by increasing the numbers
of stem cells that irreversibly commit o the varioos differ-
entiation pathways, Several predictions based on I'T can be
tested and T cautions against prevalent notions about the
sellerencwal of hematopoietic stem cells. Some of the most
urgent questions raised by the model are: How many times
can stem cells divide? or Whar 15 the acroal replicative
potential of stem cells ar various stages of development?
What are the mechanisms behind the asymmerrie cell divi-
sioms that result in davghter cells thar differ in turnover time
and selferenewal and differentiation properties? To what
extent are factors in the microenvironment (e, cytokines)
capable of modulating self-renewal properties of stem cells?
What are the mechanisms controlling the tornover time of
stem cells in steady state hematopoiesis and during hemato-
poietic repeneration? Are differences in the replicative his-
tory of stem cells reflected in their anatomical Tocation,
cytokine response, and mobilization propertes? Hopefully,
the answers to these important questons will hecome avail -
ahle in the coming vears.

CONCLUDING REMARKS

Stermn cells remain elusive entities. As discossed above,
simple questions such as, How many tmes can stem cells
divide? eannot be answered at this dme becavse the answers
range from <2100 times (this paper) to =5000 times [45].
The possibility that genede differences in replicative poten-
tial are real and important scems increasingly likely. Such
differences may ultimately favor the use of fetal liver or cord
Blood cells for certain clinical applications over autologous
or allogencic cells from adules, The major Bmitaon related
tor the elinical use of fetal (and neonatal) stem cell sources
appears to be related to the number of cells that can be
obtained and the {{mmunological) transplantation barriers
that may become more significant as the number of cells ina
rransplant decreases. I ex vive cultore condivons that allow
expansion of transplantable stem cells from feral Tiver or
cord blood could be developed. the use of such expanded
cells may become a clinical oprion for transplantation in
adult patienes. The development of such culture conditons

PM Lansdorp

may not be straightforward [49], bur all the wols to progress
in this area appear to be available.

Currently, the role of telomeres in the biology of
hematopoictic stem cells is largely unknown. Overall,
relomeres shorren in hematopoiete cells with replication
and with age, and the number of divisions thar stem cells
and lvmphoeytes can undergo may be limited as o result.,
Low levels of telomerase in such cells, however, may main-
tain the length of short telomeres and expand the replicative
potential to an unknown extent, OQ-FIST s a promising ool
o analvze relomere length ar the level of individual chrome-
somes. Application of Q-FISH and telomerase assays in
studies of clonally expanded hematopoietic cells and lym-
phocyres are expected to unravel some of the questions
ahour the role of telomeres, relomerase, and relomere
dynamics in the function and replication of hematopoictic
cells i the coming vears.

Whar are the implications of the postulated finite replica-
tion potential of adult stem cells in ransplantation? “Taking
into account the known genetic differences in telomere length
[50], which may result in large differences in the actual prolif-
crative potential in cells from different donors, the cautious
approach dicrares not mansplanung nnited numbers of stem
cells, This could be particularly relevane using adult cells for
transplantation into (voung) childven, because such cells may
run out of replicative steam (elomere repeats) before the end
of a normal life span. Clearly, maore dara on the telomere
length in hemaropoietic cells of transplant recipients are need-
el to assess the degree to which these individuals are at risk.
Limitations in replication potential may also complicate
strategies aimed to expand limited numbers of adult stem cells
ex vivn. Without measures to prevent telomere shortening,
increases in cell numbers are likely to coincide with a
decreased replication potential of the expanded cells. This may
especially be a problem in procedures such as gene marking in
combination with selection of cells after gene transfer where
the recovery ol the transfected cells of interest may be modest,
Fven if the right stem cells could be stimulated o proliferate
into self-rencwal divis
expected to coincide with loss of replication potential that
eventumlly may limin their clinical usefulness. Inercased knowl-
eilge of telomere biology in normal and malignant cells may
point to ways in which telomere-related restriction in the
replicative potential of somatic cells can be bypassed in the
future. The obwvions and immediate solution to avoid problems
related 1o potential limitations of adult stem cell ransplants is
to use large munmbers of cells and 1o avoid manipulatons thar
muay result in significant losses of cells,

ns, such expansion would still be
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