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FACS Fluorescence-activated cell sorting 

G-CSF granulocyte-colony stimulating factor 

GMP granulocyte-monocyte progenitor 

HSC Hematopoietic stem cell 

IgH immunoglobulin heavy chain 

IgL immunoglobulin light chain 

LMPP lymphoid-primed multipotent progenitor 

LSC leukemic stem cells 

LTC-IC long term culture-initiating cell 

LT-HSC long-term hematopoietic stem cell 

MPP multipotent progenitor 

NOD non-obese diabetic (mouse strain)

Ph Philadelphia chromosome 

Scid severe combined immunodeficience (mouse strain)

SRC scid repopulating cells
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The “almighty” Stem Cell 

The concept of stem cells has attracted huge interest recently, due to a number of 

break throughs’ in the last decade. These include the development of means to 

maintain and expand human embryonic stem (ES) cells 1; several organs in the 

developed organism have been discovered to contain small populations of cells, 

adult stem cells, with the sustained capacity to regenerate all the different cells of 

that tissue2-9; several groups have reported an unexpected plasticity of stem cells to 

produce cells across tissue and even germ line boundaries10,11; and it has been 

shown in several cancers that only a small subpopulation of cells within the tumor 

has the capacity to infinitively divide and perpetuate the tumor, hence called 

cancer stem cells, and appearing to be the ultimate and necessary targets of 

curative anti-cancer therapy12-16. This has dramatically raised hopes for utility in 

regenerative medicine as well as increased understanding of normal and 

pathological development. As the tide of popular interest recedes, and some of the 

initial hopes are thwarted, the time for long and hard work is here, to realize at 

least some of the initial goals, and to discover and pursue new ones along the road. 

The concept of stem cells, in normal development and in disease, is for sure going 

to bear fruit, in expected or unexpected ways. 

Stem cells are defined by their ability to self-renew, which means they are 

replenished by leaving at least one identical copy of themselves behind after each 

cell division, and to differentiate to all the mature cells of the organ or tissue to 
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which they belong17. Both characteristics need to be full-filled. Self-renewal 

without differentiation is what bacteria and other unicellular organisms do, and 

differentiation without self-renewal is the hallmark of cells in developmental 

transit between stem cells and mature cells. Thus, the ultimate test for a candidate 

stem cell is that it, as a single cell, should be able to completely recreate the tissue 

from which it is derived. This criterion, in its strictest sense, is to date only fulfilled 

by murine hematopoietic stem cells (HSCs)18, and might not be applicable to all 

kinds of stem cells. 

Stem cells are classified by the diversity of their progeny into totipotent

(capable of creating an entire organism, i.e. both embryonal and extra-embryonal 

tissues, a capacity inherent only in the zygote and early cleavage-stage blastomeres 

in animals), pluripotent (able to form all tissues of the body, including germ cells, 

but with impaired ability to form extra-embryonic tissues, such as placenta, as seen 

in ES cells), multipotent (able to create multiple cell lineages constituting an 

entire organ or tissue, for example HSCs), oligopotent (progeny belonging to two 

or more lineages within a tissue, for example neural stem cells able to create 

subsets of neurons in the brain) and unipotent (contributes to only one lineage, for 

example spermatogonial stem cells)19.

Embryonal carcinoma cells and embryonal stem cells 

Stem cells can broadly be divided into ES cells and adult stem cells. Ethical issues 

surround research on ES cells, a feature attracting much attention in broad areas of 

society, and for political reasons skewing the possibilities of using this source of 

cells in different countries. This might be perceived as surprising in view of the 50 

years of (more or less) active research on pluripotent cells20. The first pluripotent 

cells investigated were harvested from teratocarcinomas, a rare embryonal tumor 

histologically exhibiting an array of adult tissues and misshapen organs, where 

single cells from the tumor implanted intraperitoneally (within the abdominal 
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21cavity) could recreate all the different cell types of the tumor , thus demonstrating 

a clonal ability of sustained growth and pluripotency as evidenced by 

differentiation into tissues of all three germ layers. By demonstrating that embryos 

grafted to extra-uterine sites in recipient animals formed retransplantable 

teratocarcinomas22,23, the embryonic origin and nature of the tumor was 

established. The stem cells of the tumor could form cell lines, and because of their 

relationship with embryos were called embryonal carcinoma cells. When injected 

into mouse blastocysts, a very early embryonal structure composed only of 

embryonal stem cells and trophoblast cells (which will later form the placenta), 

these cells were shown to participate to varying degrees in producing chimeras 

(developing organisms with cells contributed by both recipient and donor, the later 

in this case teratocarcinomas cells). In some instances did the embryonal 

carcinoma cells even contribute to germline chimerism, thus showing retained 

embryonic features, but with occasional tumorigenic potential, questioning their 

normalcy. Although the use of embryonal carcinoma cells has diminished since the 

isolation of ES cells, they have been instrumental in the establishment of ES cell 

lines.

Efforts to obtain pluripotent cells directly from early mammalian embryos 

dates back several decades, and were crowned 1981 by the establishment of mouse 

ES cell lines24,25, followed 17 years later by the development of human ES cell 

lines1. ES cells are derived from early, pre-implantation embryos at the blastocyst 

stage (5-6 days post conception)1 or the even earlier morula-stage (4 days post 

conception)26. The fact that the establishment of human ES cell lines entails the 

destruction of an embryo with the potential of developing into a human being has 

led to significant, though geographically unevenly distributed, opposition on 

ethical and religious grounds. Arguments supporting the use of ES cells include the 

fact that the human embryos used are leftovers from in vitro fertilization 

procedures, otherwise destined for destruction, and the huge promise these 

immortal and versatile cells hold for regenerative medicine and as study objects for 
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normal and pathological development. Techniques are being developed, however, 

to alleviate the ethical concerns, for instance by using genetically altered embryos 

not capable of developing into babies27, or removing single cells from the early 

morula, as is done today for pre-implantation genetic diagnosis, which leaves the 

embryo intact28,29. None of these techniques, however, seems to satisfy all 

critics30,31.

There are still other hurdles to be overcome before the promise of ES cells can 

be realised in the clinic. The human ES cell lines existing worldwide today are 

established with the use of xenogenic (derived from animals) input from feeder-

layers and serum, with a very small but realistic risk of contagious complications 

inhibiting their use on patients. Protocols for feeder-free and serum-free derivation 

and maintenance of ES cells need to be developed. Furthermore, there is a need to 

learn how to regulate differentiation of the ES cells prior to transplantation, since 

undifferentiated ES-cells will cause teratocarcinomas in vivo32. A further cause for 

concern is raised by recent reports on significant accumulation of genetic 

alterations in cultured ES cells33,34. Finally, since available ES cells virtually 

always will be of allogeneic origin (from another individual than the recipient), 

there is an immunological barrier that needs to be overcome by life-long 

immunosuppresion, with concomitant risks for morbidity and mortality.   

Nuclear transfer 

One way of getting around the immunological problems could be to use cells from 

the patient and revert them to an undifferentiated stage, from which they could be 

differentiated and expanded to the desired cell type. This is what is aimed for with 

nuclear transfer (previously called therapeutical cloning), a technique that dates 

back half a decade 35. By transferring somatic nuclei from amphibians into 

unfertilized eggs, and observing them through embryonal development, researchers 

learned two important things: 1) that the genome was preserved through 
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differentiation, contrary to what was previously believed, and that the 

differentiation process is governed by genomic expression rather than content, and 

2) the remarkable reprogramming potential of the egg cytoplasm36. Improvements 

in micromanipulation techniques allowed the successful nuclear transfer into much 

smaller mammalian eggs (usually <0,1% the size of amphibian eggs), and 

eventually to the transfer of a mammalian adult somatic cell nuclei (cultured adult 

mammary gland cells) into an egg, producing the cloned sheep “Dolly”37.

Recently, in a “proof of principle”-paper, a genetic defect (Rag / , leading to 

immune deficiency) in a mouse strain was corrected by first establishing an ES cell 

line, in which one Rag allele was repaired by homologous recombination and then 

in vitro differentiated into hematopoietic precursors prior to engraftment into 

mutated mice, restoring their immune function38.

Although the concept holds promise, there is much to be learned and mastered 

before it will benefit patients. First and foremost, it has to be shown that human 

adult cells can be reprogrammed in this way. Recent reports claimed to have 

shown this, but was proven fraudulent39,40. The procedure is further very inefficient 

in producing viable totipotent cells, particularly correlating with maturity of the 

donor nucleus such that more immature cells are more efficient nuclear donors41

(although this has recently been challenged42), and therefore puts great demands on 

numbers of eggs, which probably will be prohibiting for a widespread use. An 

alternative strategy employed for the reprogramming of the adult nucleus is by 

fusing it to an ES-cell, which has been shown to also produce reprogramming of 

somatic nuclei43,44. If the process could be understood in molecular terms, it might 

be possible to generate pluripotent cells directly from the patients’ own cells in

vitro. A step forward in this direction was recently reported, as it was shown that 

retroviral introduction of only four genes (Oct3/4, Sox2, c-Myc and Klf4) into adult 

mouse fibroblasts reprogrammed these differentiated cells into a pluripotent stage, 

which much like ES cells could be maintained on feeder layers for an extended 
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period of time45. These cells, however similar, are not identical with ES cells, and 

their true nature has to be revealed. 

Finally, nuclear transfer is not devoid of potential ethical issues. If the 

reprogrammed cell would be viewed as a potential human being, it could be argued 

immoral to have produced it purely for the sake of providing spare parts for 

needing patients. However, the potential for a normal development will probably, 

at best, be very small, if at all existent, and some would argue that as long as the 

cell is not introduced into a womb whatever potential it possesses can never be 

realized.

Adult stem cells and plasticity 

Partly because of the ethical issues surrounding research on ES cells, but also 

because of the profound impact on long-held views on developmental biology and 

implications for regenerative medicine, was recently a number of papers in well 

renowned journals reporting on an unexpected plasticity of adult tissue stem cells 

met with considerable interest and excitement by the scientific as well as the public 

community. According to these reports, blood could be turned into heart46-48,

pancreas49,50, muscle51-53, brain54,55 56,57 58,59, liver , skeletal or more tissues , and stem 

cells from other tissues could be turned into blood52,60,61. Understandably, this 

caused as much expectations as it raised new questions. From the point of view of 

regenerative medicine this was extremely interesting, since this could potentially 

translate into easy access of stem cells for tissue repair or gene therapy and at the 

same time circumventing the potential immunological complications of using 

allogeneous stem cells and the ethical obstacles associated with ES cells. But what 

would be the possible mechanisms for this plasticity? Several models have been 

proposed62-64, such as transdifferentiation of tissue specific stem cells into other 

tissue lineages; de-differentiation to a more primitive and multipotent stage with 

subsequent re-differentiation along a different lineage; the simultaneous 
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occurrence of many different tissue restricted stem cells residing in the same 

organ; the existence of rare pluripotent stem cells with the capacity to generate 

progeny of all germ layers; or fusion of a stem cell (or any cell) with a cell of a 

different lineage (so called heterotypic fusion – the most obvious normally 

occurring example being the fusion of a sperm cell with an egg).   

However, the field has cooled substantially following difficulties in 

reproducing data65-70, reports of alternative explanations for the observed 

plasticity71-73, and the very low frequency of supposedly transdifferentiated cells 

(usually lower than a few percent). More rigorous experimental criteria has 

evolved as a requirement for true plasticity; for example the prospective 

purification of the cell population of interest, exclusion of cell fusion as a cause for 

the claimed transdifferentiation, and backing up of data with functional analyses 

and to not only rely on phenotype62,63. According to these more stringent criteria 

there has been no study convincingly demonstrating a true transdifferentiation 

event62.

Will we recognize a stem cell when we see one? 

The stem cell concept is in a sense simple and intuitively compelling: stem cells 

are the cells needed to supply the organism with all the different mature cells 

necessary for all vital biological functions over the life time of the individual. 

Mature cells and their immediate progenitors can not perform this feat - if they are 

placed in culture or transplanted into a recipient, they cannot uphold production of 

new cells for more than days or a few weeks at most. Something more long-lived, 

or self-renewing, is needed, such as stem cells. But as compelling as it may seem, 

this definition has inherent problems. 

The most striking feature of stem cells is that they can self renew; i.e. produce 

exact copies of themselves. It is often stated that stem cells can perform three kinds 

of cell divisions: symmetrical divisions producing two new stem cells, or 
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asymmetrical divisions producing one stem cell and one daughter cell which 

commits to differentiation, or symmetrical divisions in which two committed 

daughter cells are produced. It is unclear what influences the HSC to choose either 

self renewal or differentiation, but most believe that the decision is largely 

stochastic, or random – which would imply that a “true” HSC inherently, at the 

same time, contain both choices, as yet unrealized. However, once the 

differentiation choice is realized in cell division, the HSC status of the preceding 

cell collapses, similar to Schrödinger’s cat in the box: it might not be possible to 

prospectively identify a particular cell as a stem cell until it has divided, and thence 

is no more (or even to identify all stem cells even if they do divide)! Considering 

that we do not know to what extent a cell can differentiate without dividing 

suggests further complexity – how will one be able to show if a single stem cell 

can be forced to differentiate into a more mature cell without dividing, and still 

know that it was a stem cell in the first place? If stem cells can produce two 

daughter cells which are not stem cells, or even differentiate without division, then 

it will be impossible to know for sure if a candidate stem cell population is purified 

to homogeneity or not, since a fraction of this population in single cell assays will 

not produce any stem cells. These considerations also touches on the “uncertainty 

principle” of stem cell research, the inherent problem of simultaneous 

measurements of self-renewal and differentiative capacity in the same cell74.

A related question is: how similar to the mother cell must the progeny of a cell 

division be, in order to satisfy the criteria for self-renewing divisions? Obviously, 

the progeny can never be an exact copy of the mother cell – random differences in 

type and number of expressed receptors, transcription factors, enzymes, or 

epigenetic state or in the number and activation status of sub-cellular organelles, 

such as mitochondriae, will inevitably lead to daughter cells that are subtly or 

significantly different from the mother. This could make the notion of a stem cell 

as a discrete state difficult to uphold, since the total sum of differences between 

mother and daughter cell (and possibly also subtle or significant differences in 
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their respective environments) dictates the state they are in and the probability for 

certain outcomes, such as self-renewal divisions. The non-random effects of both 

differently segregated intracellular components and environmental differences on 

stem cell fate have been shown in germ cells of the fruitfly (drosophila, see 

below). It has been suggested that, rather than modelling the stem cell hierarchy as 

consecutive, discrete compartments75,76, a more proper and rewarding model would 

be to view it as a continuous variable allowing also all possible states in 

between74,77,78.

Another approach towards defining and identifying stem cells is offered by 

the increasingly powerful microarray technology, by which genome wide up- or 

downregulation of genes in suitably enriched cell populations can be analysed. It 

has been proposed that the two main unifying themes among different stem cell 

populations, self-renewal and multipotency, could be mirrored by a shared set of 

genes, representing a conserved stem cell signature79. Recently a number of studies 

provided the first comparative genome wide transcription analyses of purified ES 

cells, HSCs and neuronal stem cells80-82, which revealed a shared expression 

pattern of some 200-300 genes between the investigated populations, indicating a 

“stem cell signature”. However, surprisingly, in a comparison between the three 

studies the shared “stem cell signature” boiled down to only one single gene: 

integrin 682. Other studies have not been more successful in uncovering a stem 

cell specific fingerprint83. Plausible explanations for this failure could be 

differences in methodology, purification strategies, purity of enriched populations 

and computational algorithms used79,84. Other, more fundamental, reasons could be 

that stem cell specific genes are only transiently expressed, for example genes 

important for self-renewal only during cell cycle, which would make them difficult 

to detect within a largely quiescent population, or that they are not expressed 

exclusively on stem cells, but also on differentiated cells, making them hard to 

detect by differential expression analysis79.  Or, in a sense an even more 

fundamental and simple reason: a specific stem cell signature does not exist. It has 
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been argued that even the two stem cell functions of multipotency and self-renewal 

by themselves are problematic83, since some stem cells do not abide by them (germ 

cells, for example, are unipotent; and inner cell mass cells in the blastocyst perform 

a very limited number of self-renewing divisions before they differentiate to more 

specified stem cells) while some differentiated cells do (for example multipotent 

hematopoietic cells without self-renewing capacity, or differentiated B- and T-

lymphoid cells in blood or -cells in the pancreas which can self-renew), and 

therefore a unified gene expression pattern based on these characteristics cannot be 

found. Instead, another model has been proposed, in which a cell, moving along an 

imagined differentiation-line from ES cell to fully differentiated cell, is halted 

along its course, dividing and creating progeny endowed with the same features as 

the mother. In such a model, the resistance to progression/differentiation cannot be 

reduced to multipotency or self-renewal capacity, but might instead represent a 

fixed epigenetic state83.

Whether stem cells are discrete states which can be only partly assessed 

retrospectively, or are part of a continuum were the individual cells are governed 

by continuous variables and defined by probability densities, or whether they are 

like any cell, but just halted, like a Peter Pan, on it’s way towards fulfilling their 

final goals as mature cells – we still need to deal with them. The definitions we use 

today are operational, governed by the technologies we have at hand, and therefore 

the operational (and experimental) definitions differs between stem cells harvested 

from different contexts. A single test applicable for all stem cells is clearly not at 

hand – yet. 
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Hematopoietic stem cells and hematopoiesis 

Hematopoietic stem cells 

HSCs are the best characterised of all adult stem cells for several reasons. First, 

they represent a minor subpopulation of dissociated cells within a floating organ 

which is easily accessible in relatively large quantities. Second, they are vitally 

important providers of cells in an organ with a very high cell turn-over 

(exemplified by the rapid death of the organism in case the production stops, as for 

example after irradiation, which kills the HSCs), which may make both in vitro and 

in vivo assays faster and more yielding. A third reason is that the discovery of 

HSCs now dates almost half a century back, during which time instrumental 

methodological developments and insights have been made, which have aided in 

the enormous progress in the field that we witness today. 

The first steps towards identifying HSCs was taken 1961 by Till and 

McCulloch, as they identified the colony forming unit – spleen (CFU-S)85. In 

their work on radiation sensitivity of tissues they stumbled upon the observation 

that bone marrow (BM) cells intravenously injected into lethally irradiated mice 

gave rise to macroscopically visible colonies of proliferating cells in the spleens of 

these animals. The colonies contained hematopoietic cells of all myeloid lineages 

at variable maturational stages, and were derived of recipient BM cells only, as 

irradiated but not transplanted mice never displayed such colonies. These colonies 

were termed colony forming units (CFUs). In order to prove that these colonies 
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were derived from single cells, recipient mice recieved a sublethal irradiation dose, 

followed by injection of donor BM cells and subsequent further irradiation of the 

recipient up to a lethal dose, which exposed the donor BM cells in vivo to a 

significant irradiation dose, enough to confer recognizable chromosomal 

abnormalities in a proportion of the cells without killing them, and at the same time 

ablating the host HSCs. In some of the resulting colonies abnormal karyotypes 

were found by cytogenetic analysis in all investigated cells86, and as chromosome 

breakage by irradiation is a random process, the clonality of the colonies were 

proven. In a third landmark paper they defined a stem cell as a cell that should 

have the capacity to give rise to differentiated progeny and have an extensive 

proliferative potential, two features they already had been able to assay in the 

spleen colonies, but a stem cell should also posses the capacity for self-renewal, 

such that an organ like the BM throughout the life-time of an organism always has 

stem cells that can continuously give rise to both differentiated progeny and retain 

a sufficient stem cell pool. In order to test the CFU-S for self-renewal capacity they 

injected dissected and resuspended CFU-S into secondary hosts, and found that 

primary spleen colonies often, or possibly always, contained cells capable of 

forming more spleen colonies. Thereby they proved that their CFU-S assay 

detected cells with the capacities for differentiation, extensive proliferation and 

self-renewal, and cautiously suggested that they might be HSCs.  

Although there is evidence that the CFU-S does not represent the true HSC, 

but a downstream immature progenitor population87-90, the groundbreaking work of 

Till and McCulloch still laid the foundation of HSC research, not least by 

providing the definition of a HSC that is still used today. 

Identification and characterization 

Blood cells are born and develop in the BM, where they exist as a mixture of more 

or less differentiated cells on the way towards any of the mature blood cell types 
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found in the circulation, and interspersed among all these aspiring, proliferative 

young blood cells are a few quiet, morphologically insignificant HSCs. In spite of 

decades of efforts, the blood stem cells (and all other adult stem cells) have evaded 

final identification. No one can yet with certainty point out a specific cell as a stem 

cell, but due to continuous development of new methods, the circles around these 

enigmatic cells are drawing ever closer. Development of in vitro and in vivo assays 

for evaluation of lineage potential and self-renewal, and fluorescence-activated 

cell sorting (FACS) and monoclonal antibody technology for identification and 

purification of subsets of cells has been instrumental for the progress achieved in 

stem cell biology in general, and HSC biology in particular. 

Purification

Cells, and particularly hematopoietic cells, can with increasing accuracy be 

subdivided into functionally distinct subfractions, based on the combined presence 

or absence of specific antigens on the cell surface. Antibodies raised against these 

antigens can either be attached to fluorochromes (particles emitting light with 

defined wavelengths when hit by a laser beam) which allows modern FACS 

instruments to simultaneously detect several antigens on single cells for analysis or 

sorting at a single cell level; or the antibodies can be attached to magnetic micro-

beads, allowing positive or negative selection of cells by passing the cell 

suspension through a magnetic field. No single antigen specifically detects HSCs, 

but a high degree of enrichment can be achieved by combining several antigens. 

The relative ease and accuracy of assaying the homogeneity of purified candidate 

HSC populations in mice by transplanting the cells at limiting dilution or in a 

competitive manner into congenic (genetically identical except at a single genetic 

locus or region) recipients has lead to mouse HSCs being the most closely 

identified stem cells of all. This type of experiments cannot for natural reasons be 

done in humans, where researchers are confined to surrogate xenogenic
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(transplants across species borders) or in vitro assays.  The quest to identify human 

HSCs is seemingly not helped much by gleaning information from mouse HSCs, 

since they differ to a large degree in antigen expression from their human 

counterparts.

HSCs do not express any lineage specific markers on the cell surface, so using 

a combination of antibodies which detect mature blood cell types to purify a 

lineage negative (lin ) population will enriche HSCs 20-500 fold, depending on 

the combination of markers used91. CD34 is a cell-surface sialomucin adhesion 

molecule expressed on hematopoietic stem/progenitor cells and on small-vessel 

endothelial cells, which was the first antigen identified that enrich for primitive 

blood cells92. It has been suggested to play a role in adhesion to stroma, but seems 

to have no essential role in hematopoiesis93,94. CD34 is expressed on approximately 

1-5% of all nucleated hematopoietic cells and includes virtually all in vivo and in

vitro clonogenic potential 95-98. Positive CD34+ selection is used in clinical HSC 

transplantations to deplete the cell inoculum of alloreactive T cells, and possibly 

also solid tumor cells. This allows the collection and subsequent transplantation of 

megadoses of CD34+ cells, which can overcome histocompatibility barriers such as 

in haploidentical HSC transplantations (in which the donor and recipient shares 

only half of the immunogenic major histocompatibility complex (MHC), as for 

example parents donating HSCs to their children (see further the section on 

adaptive immunity))99,100. Another commonly used marker for human HSC 

selection is CD38, which has a dual function as a promiscuous enzyme and 

receptor, regulating cell activation and proliferation, and is also involved in 

adhesion between lymphocytes and endothelium101, and is up regulated on most 

cells carrying lineage specific markers on the cell surface. A commonly used 

combination of markers for purifying human HSCs (for experimental purposes, not 

clinical as of yet) is therefore lin +CD34 CD38 , which identifies 1-10% of the 

CD34+ cells, and which seems to purify for most of the long term repopulating 

activity102-104. The lineage depletion step is often omitted, since lin  cells to a large 
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degree overlap with CD38  cells, with perhaps some myeloid markers as important 

exceptions105,106. But even this population is not homogeneous, but seems rather to 

be mainly composed of short term repopulating cells with only few long term 

repopulating stem cells107. Other markers implicated in enriching for human HSCs 

are CD90 (Thy-1)108-110(which is the only marker except CD34 that has been used 

in clinical HSC transplantations111,112); CD133, which overlaps with, but are not 

identical to, CD34113,114, and which incidentally have been used recently to identify 

several cancer stem cell populations (see below)115-117 118; CD117 (c-kit) ; Vascular

endothelial growth factor receptor 2 (VEGFR2, also known as KDR)119;

VEGFR1120 121, CD105 (endoglin)  and CD201 (endothelial protein C receptor, 

EPCR)122

Most, if not all, mouse HSCs are identified by the phenotype lin Sca-1+ +c-Kit

(LSK)123, but long-term HSCs are only ~1/30 of this population124. Additional 

markers used to enrich for HSC activity in mice are CD3418, Flt-3125,126 127, Thy1.1 ,

CD105128 129 and CD150 (Slamf1) .

The expression of CD34 in mouse HSC is reversible and dependent on the age 

of the mice, such that HSCs from adult mice in steady state are CD34 , whereas 

HSCs in young mice, or HSCs challenged by cytotoxic drugs, are CD34+18,130,131.

The expression of CD38 is reciprocally expressed132, and therefore, human and 

adult mouse HSCs have opposite expression of both these markers. Several recent 

reports on CD34  human HSCs was therefore met with considerable interest133-137,

although the biological and clinical significance of this population is unclear, not 

least since it seems to be very small (the number of repopulating CD34  cells are 

two orders of magnitude less than CD34+ cells) 138,139.

Stem cells can also be purified by other, more functional, means than 

expression of cell surface molecules. One of the oldest methods used for enriching 

HSCs is based on the fact that stem cells are mainly quiescent (non-dividing). The 

addition of cytotoxic drugs (e.g. 5-fluorouracil (5-FU), or hydroxyurea) to a 

suspension of hematopoietic cells (or in vivo to mice) will therefore selectively kill 
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140-142dividing progenitors while sparing the non-dividing stem cells . Another 

useful aspect of stem cells is their propensity to actively remove toxic substances 

from the cell interior by efflux pumps on the cell membrane, a feature not shared 

by more mature cells, whereby certain fluorescent dyes can separate dye-effluxing 

stem cells from dye-retaining progenitors. By staining cells with, for example, 

Rhodamine-123 (Rho), a dye that binds intracellularly to activated mitochondria 

and is expelled by p-glycoprotein (also known as MDR-1, which is the product of 

the ABCB1 gene)143 has it been shown that both mouse and human HSCs are 

Rho /low144-146. Another widely used stain, Hoechst 33342, is expelled from cells by 

another efflux protein, breast cancer resistance protein-1 (BCRP1, which is the 

product of the ABCG2 gene), which is mainly expressed on HSCs147,148. Expulsion 

of Hoechst from immature BM and other tissue cells identifies a side population 

(SP) - so called because of the characteristic FACS profile - which allows for 

purification of SP cells149. These cells are highly enriched for HSC in mice and 

several other species 150, with mouse LSK cells in the tip of the SP population 

(“SP-tip” CD34 LSK cells) showing the highest enrichment of long term 

repopulating cells thus far achieved at 96%151, with, however, about half the HSC 

population residing outside of the SP population122,152. Human repopulating fetal 

liver HSCs are enriched by a factor 10 and completely confined within the 

lin +CD34 CD38  SP population, but enrichment was impaired by the toxicity of 

the Hoechst dye to the HSCs153. The role of the SP phenotype in human cord blood 

or BM is unclear. Finally, the enzyme aldehyde dehydrogenase (ALDH) is 

selectively expressed in primitive hematopoietic cells, and ALDH+ cells, detected 

and isolated with FACS following addition of fluorescent ALDH-substrates, have 

been shown to enrich for both mouse and human HSCs154-156, and has been used in 

clinical autologous transplantations157.
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In vitro assays

The claim that a prospectively isolated population of cells is purified for candidate 

HSCs needs to be confirmed by assays for HSC function, since surface markers, 

and also some of the more functional means of enrichment, can be deceiving (i.e. 

some markers are differently expressed depending on activation status of the cells 

or maturational level of the investigated individual130,132); furthermore, several 

markers have no obvious functional connection with stem cells, and can therefore, 

at least in theory, fluctuate independently of stem cell function158. The need for 

functional assessment is further substantiated by the fact that most mouse, and 

certainly all human, purified HSC populations enriched so far are heterogeneous 

with regard to stem cell activity.  In vitro assays investigating the properties of 

progenitor cells measure two cardinal parameters; cell proliferation and 

differentiation potential – and these two parameters are very difficult to measure 

simultaneously (the “uncertainty principle” of stem cell biology), since different 

requirements for the growth of different lineages generally leads to the favouring 

of one progenitor population at the cost of others. 

The in vitro estimation of primitive hematopoietic cells needs a culture system 

which extends beyond 3-5 weeks, since that is the time primitive cells need to 

produce differentiated progeny, and since it effectively avoids the contribution of 

more short-lived precursors from the starting cell population to read out. This is 

usually accomplished by co-culturing the test cells together with feeder cells 

(mainly irradiated BM mesenchymal or stromal cells), which provide a BM-like 

microenvironment with necessary (but largely unknown) stromal substrates, and in 

some cases molecularly engineered to produce human growth factors. One 

immature cell type detected in long-term cultures is the long-term colony-

initiating cell (LTC-IC), which is defined by their capacity to produce daughter 

colony forming cells (CFCs) after 5-12 weeks of co-culture on stroma (during 

which time more short-term colony forming cells (CFCs) in the initial inoculum 

disappear). Two immortalized mouse stromal cell lines are commonly used 
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simultaneously as feeder cells in this assay: M210B4, which is genetically 

engineered to produce human granulocyte-colony stimulating growth factor (G-

CSF) and human interleukin-3 (IL-3), and sl/sl, which produces human kit-

ligand159. Another long-term assay detects cobblestone area-forming cells 

(CAFCs), which integrates with and are directly scored in the co-culture as 

“cobblestone”-like colonies. LTC-IC and CAFC are overlapping but not identical, 

with LTC-ICs representing a somewhat more immature cell160,161.

Short-term colonies are usually grown in semisolid media (which has a 

lifespan not extending beyond 3 weeks, and therefore excluding long term 

cultures) which fixates single cells and allows read-out of their immobilized 

progeny as CFC. Different lineage restricted progenitors can be identified and 

quantified by using different standardized culture conditions. The full potential of 

immature progenitor cells with regard to both quiescence and multipotentiality 

would require the combination of long-term and short-term assays, which have 

successfully been achieved to some extent in mice with so called switch-cultures,

but have been hampered in the human setting, mainly due to the difficulty to grow 

lymphoid cells162.  The golden standard for proving that a cell population contains 

stem cells, by showing both self renewal and multipotentiality, is in vivo

transplantation. However, in vitro cultures are necessary to evaluate differentiation 

and proliferative potential in cells without self renewal capacity, which do not 

reach sufficient numbers in vivo for evaluation.

 In vivo assays

The golden standard for assaying stem cell properties are in vivo transplantations. 

This is readily done in mice, by transplanting test cells from a donor to a congenic 

recipient, which is genetically identical to the donor except for one trait – for 

example sex difference, or by the expression of different isotypes of a commonly 

expressed cell surface antigen such as the pan-hematopoietic marker CD45 (where 

 26 



Hematopoietic stem cells and hematopoiesis 

the two isoforms CD45.1 and CD45.2 often are used).  The competitive

repopulating unit (CRU, which essentially represents the HSC content of the test 

cell population) can be calculated by co-transplanting decreasing numbers of test 

cells (with a sex- or congenic marker differing from the recipient) together with a 

fixed number of radioprotective recipient cells (necessary for the rapid short term 

reconstitution) into a lethally irradiated recipient163.

Subfractionated human progenitor cell populations cannot for evident reasons 

be tested in this way by transplantation to other humans, and instead xenogenic 

transplantation models (transplantation between different species) are used. The 

first successful transplantations of human cells into mice were done in severe

combined immunodefiency (scid) mice164, which are rendered immunodeficient 

by a mutation in DNA-dependent protein kinase (DNA-PKCS) leading to failure of 

immunoglobulin rearrangements (see further below) and the production of very 

few B- and T-lymphocytes165, and the beige/nude/xid (bnx) mice, displaying 

defects in their B-, T-, and NK cells166. To further increase the immunodeficiency, 

and concomitantly the tolerance for injected human cells, SCID mice were back-

crossed to non-obese diabetic (NOD) mice, which displays defects in NK-cell, 

antigen presenting cell and macrophage functions167, and these NOD-scid mice 

have been the most widely used strain for xenogenic human cell transplantations. 

Injection of unmanipulated or purified subpopulations of human hematopoietic 

cells in decreasing numbers into sub-lethally NOD-scid mice allows the 

identification and enumeration of scid repopulating cells (SRCs), similar to CRUs 

in mice. Although this model represents the gold standard for assaying human 

HSCs today, it is important to recognize its limitations. First and foremost, it is 

important to acknowledge the fact that the human cells assayed for their capability 

of sustained engraftment (perhaps even into secondary recipients) and multilineage 

engraftment are also selected for their capacity to home to, engraft and function in 

a xenogenic environment. For example, homing efficiency of human cells to the 

mouse BM seems to be less (5%)168 than in corresponding congenic mouse 
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151,169transplants (towards 100%) . To what degree human HSCs and SRCs overlap 

is therefore unclear. In addition, NOD-scid  mice display a bias for human B cell 

development; usually do not support human T-cell development; have a certain 

“leakiness”, especially when getting older, for a small production of lymphoid 

cells; and are relatively short-lived and can therefore not be monitored for longer 

than about 6 months. The remaining NK cell activity, even if deficient, seems to 

impact on engraftment. This has been shown in NOD-scid mice where NK cell 

function is further impaired by injection of interleukin-2 receptor  (IL-2R )

antibodies170, or by gene manipulation, such as in NOD-scid 2-

microglobulin / 171 or NOD-scid c / 172,173mice, where engraftment is enhanced, 

particularly by short-term myeloid progenitors (for a comprehensive review of 

available mouse strains accepting human grafts, see ref174). It is interesting to note 

that the state of immunodeficiency of the mouse strain is not the sole determinant 

of human cell engraftment, but also other, poorly understood, traits are influential. 

For example, mice completely lacking an adaptive immune system (B- and T cells) 

due to deletion of the genes encoding the common gamma chain and the enzyme 

rag2, do not support intravenously injected human cells (but they do proliferate if 

injected in the liver of newborn mice)175,176.

A further xenogenic model for assaying human HSCs is the pre-immune fetal 

sheep model, where test cells are injected intraperitoneally (the abdominal cavity) 

into sheep fetuses at a developmental stage where they are old enough to accept 

and maintain hematopoietic cells, but before they have developed an immune 

system capable of rejecting the transplant177,178. This model allows the 

differentiation of all human hematopoietic lineages, and monitoring of individual 

engraftment over a number of years by serial BM aspirations. The method is, 

however, resource demanding and challenging to set up, and therefore not 

particularly widespread.
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Hematopoietic hierarchy 

The development and refinement of tools for detection, purification and assaying 

discrete subpopulations of hematopoietic cells have allowed the delineation of 

progenitors down-stream of the HSC (Figure 1). This has been done to a greater 

detail in mice than in humans.The multipotent hematopoietic compartment (which 

includes all cells which at the single cell level can produce all the mature blood cell

Figure 1. Cellular hierarchy of the hematopoietic system. HSCs produce intermediaries with 
restricted differential potential, which in turn produces the mature cells entering circulation. 
In the standard model is the first differential division between CMP and CLP. In an 
alternative modelis erythrocyte-megakaryocyte potential lost in the LMPP. The relationship 
between the LMPP and MPP is not clearly defined. 
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lineages) is heterogeneous and consists of cells with decreasing levels of self 

renewal capacity but increasing mitotic activity13. This compartment in mice can 

be phenotypically subdivided and prospectively purified into long-term HSCs 

(LT-HSCs, sustaining hematopoiesis for life), short term HSCs (ST-HSCs,

sustaining hematopoiesis for up to 6 weeks) and multipotent progenitors (MPPs,

without any self renewal capacity). A similar hierarchy is evident in humans, 

although it has not been phenotypically characterised107,179. For a long time, the 

first lineage branching point has been thought to be between myeloid and 

lymphoid cells. Common progenitors for these two cell populations (common 

myeloid progenitor, CMP, and common lymphoid progenitor, CLP) have been 

identified in both mice180,181 and humans105,182,183. Recently, however, an alternative 

model has been proposed, where the first branching point is represented by a 

division between a common progenitor for red blood cells and megakaryocytes 

(the precursor for platelets) on the one hand and a progenitor with potential for all 

other lineages, called lymphoid-primed multipotent progenitor (LMPP), on the 

other184. An alternative way of interpreting the data has been offered though185.

The CLP gives rise to committed precursors differentiating into the effector 

cells of the lymphoid system; B-, T- and NK cells, and the CMP differentiates into 

granulocyte-monocyte progenitor (GMP), the common precursor for 

granulocytes and monocytes/macrophages, and the megakaryocyte-erytrocyte 

progenitor (MEP)105,180, although it is somewhat unclear if this last progenitor is a 

direct descendant from a MPP or from a CMP produced by a LMPP184). None of 

these oligoclonal progenitors have any measurable self-renewal capacity13.

Fate and commitment 

HSCs face, at any given moment, several possible fates. The choice most often 

taken at steady state is to remain quiescent, which seems to be a sine qua non for 
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stem cells in the adult organism. Other possible fates of a HSC are to self renew,

differentiate, or to die (figure 2). The knowledge of how the fate of a HSC is 

regulated is very limited. It is even controversial whether fate decisions are 

stochastic (random)186 or deterministic (governed by intrinsic or extrinsic 

cues)187, although the prevailing view argues for a largely stochastic choice at the 

HSC level, while deterministic forces (which can be either permissive or 

instructive in their actions) gain importance during differentiation188,189.

. Figure 2. HSC fates. 

Quiescence

Most stem cells are quiescent, which might not be so surprising for stem cells 

residing in tissues with normally low cell turnover, like the central nervous system 

(CNS) and heart muscle, but perhaps more so for stem cells in tissues with very 

high cell turnover like blood and the intestinal mucosa. HSCs cycle 

asynchronously, with virtually all HSCs having cycled on average once every 2 

months190. The fact that stem cells seldom cycle has led to their identification in 

several tissues by using different label retaining assays, or, in the case of HSCs, by 
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the use of cytotoxic drugs killing more proliferating cells, as explained above. One 

suggested reason for their quiescence could be to limit the chances of mutations to 

occur and to allow enough time to repair DNA damage191.

A certain twist to the notion of quiescence as a fate choice comes from two 

competing models describing the dynamics of HSC usage, where the clonal 

succession model posits that quiescent HSCs are sequentially recruited to divide 

and differentiate, and when exhausted are replaced from a new set of HSCs 

activated from a quiescent state192, while the other, and today preferred, clonal 

maintenance model postulates that, after an initial flux of clones following HSC 

transplantation, the engraftment is maintained by a few, stable clones for the life of 

the individual179,193,194.

Self renewal 

A stem cell can self renew by two profoundly different types of cell divisions; 

either by a symmetrical division, were both daughter cells are stem cells, and 

which therefore expands the stem cell pool, or by an asymmetrical division, were 

one daughter is a stem cell and the other enters differentiation, leading to a steady 

state with regard to the stem cell compartment. In a third, non-self renewing type 

of division is the stem cell symmetrically producing two differentiated daughters, 

which depletes the stem cell pool. Much has been made of the idea that asymmetric 

division is a characteristic trait of stem cells. However, it seems obvious that most, 

if not all, stem cells at times divides mainly (or perhaps even exclusively) 

symmetrically to expand themselves, as for example during embryonal 

development, or during wound healing or regeneration; and therefore this trait 

cannot be necessary for the stem cell identity 195.  Very little data exist on the mode 

of division of mammalian stem cells in vivo195,196, and it is theoretically 

conceivable (even if unlikely) that stem cells upholds their activity mainly, or even 

exclusively, by symmetrical divisions, producing either more stem cells or more 
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differentiated progeny, depending on the needs of the organism. The scarcity and 

quiescence of most stem cells in vivo makes this question technically very 

challenging to approach. 

Regardless of the mode of cell divisions, stem cells can perpetuate themselves 

and serve their host during a life time and beyond, and recent years have seen a 

dramatic progress in identifying signalling pathways influencing HSC self renewal, 

such as Wnt197 198, Notch , sonic hedgehog (Shh)199, Hoxb4200 201,202 203, Bmi-1 , Lnk ,

and thrombopoietin204 (the loss of which is implicated in the BM failure syndrome 

congenital amegakaryocytic thrombocytopenia205) The use of extrinsic signalling 

to amplify HSCs, like cytokines and growth factors, has shown at best very limited 

expansion206-210 211, with perhaps recent reports of purified Wnt3a protein , fibroblast 

growth factor-1 (FGF-1)212 and angiopoietin-like proteins213 expanding murine 

HSCs as notable exceptions. The quest for promoting HSC self renewal continues, 

however, since success could clinically benefit HSC transplantations were donor 

cells are limited in numbers (such as adult patients receiving cord blood 

transplants) or were large doses of HSCs are desired to overcome immunological 

barriers (such as for haploidentical transplantations). Mastering HSC self renewal 

can also enhance gene delivery to HSCs for gene therapy214.

Differentiation

When considering that in man 1012 215 new blood cells are produced daily  (which 

roughly corresponds to the total hematopoietic cell content in the BM), an 

enormous expansion must obviously occur somewhere between the mainly 

quiescent HSC and the mature, non-dividing blood cell. The progenitors 

responsible for this are called transiently amplifying cells, and their regulation 

needs to be tightly calibrated to the needs of the organism. Our understanding of 

this regulation, and at which level in the hematopoietic hierarchy it occurs, is still 

incomplete. As mentioned in the previous section, it is believed that the HSC fate 
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decision of self renewal versus differentiation is mainly stochastic, and it has even 

been postulated that this randomness maintains the HSC contribution to all 

hematopoietic lineages in times when there is substantial needs for a particular 

lineage, such as during infection or severe blood loss188.

The hematopoietic hierarchy, as outlined a few sections above, could in 

essence be created by the sequential addition of lineage specific transcription 

programs on the background of a tabula rasa, but a wealth of findings rather 

supports the opposite – a sequential restriction of available lineage choices as a 

HSC goes down the differentiation pathway216. In line with this, promiscuous 

expression of genes associated with lineage-committed hematopoietic cells (and 

also non-hematopoietic lineages) has been observed in purified HSCs217-221, and 

expression of lineage specific genes prior to commitment has been called 

priming218. This expression promiscuity is thought to mirror a mainly open HSC 

chromatin structure (a complex of DNA and specific proteins regulating 

transcriptional accessibility of the DNA), enabling access to a wide variety of 

lineage affiliated programs222. When a HSC is fated for differentiation, it will 

sequentially up regulate lineage specific genes, but also, as importantly, abrogate 

the transcriptional program of the unselected lineages223,224. Primed and activated 

lineage programs fluctuate, interact and compete, and the ensuing lineage choice 

might be a threshold event which by its nature is probabilistic223,225. Cytokines and 

growth factors do not seem to influence the balance between lineage programs in 

uncommitted cells (since knocking them out in mouse models impede 

differentiation but not commitment) but rather support proliferation, development 

and survival of the committed cell, and can thus direct a probabilistic HSC output 

in certain lineage directions by clonal selection/suppression188.

The “mainly open” chromatin of HSCs does not seem to involve lymphoid 

specific genes, which thus far have not been found expressed in HSCs184,220,221,225.

Commitment to the B cell lineage is initiated by the expression of the B cell 

specific genes early B-cell factor (EBF) and E2A, which in turn cooperatively 
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induce the expression of several other B lymphoid specific genes. However, in the 

absence of a third transcription factor, Pax5, the B cell development is blocked at 

the pro B cell stage, and due to continuous co-expression of myeloid genes, this 

cell can instead differentiate into several other lineages, such as macrophages, 

dendritic cells, granulocytes and T cells. Upon restoration of Pax5 expression the 

myeloid genes are down regulated and B cell associated genes such as CD19 and 

Ig  are induced, and the cells loose their potential towards other lineages rather 

than the B cell lineage226. So it seems that the decision to differentiate might be 

partly independent of the lineage fate adopted227, and the transition from 

uncommitted to lineage biased to lineage restricted might be floating and hard to 

pin down as a discrete developmental step228. After conditional inactivation of 

Pax5 in early committed B cells, the capacity to differentiate into alternative 

lineages is regained together with the expression of myeloid genes229, indicating 

that the commitment to differentiate, elicited by E2A and EBF, needs Pax5 to 

downregulate myeloid associated genes and upregulate genes promoting B cell 

development in order to stabilize the lineage choice.

Apoptosis

The ars moriendi of unwanted cells by apoptosis, the clean and swift 

disappearance following intrinsic or extrinsic suicide signals, is vital to 

development and maintenance of all life. Apoptosis sculptures our bodies by 

carving out the empty space between our digits or the inner parts of tubes to create 

lumina; it moulds our central nervous system into a functional fabric of 

interconnecting cells by removing great numbers of excess neurons and 

oligodendrocytes; and it controls our immune system by eliminating B and T cells 

producing  dangerous self-reactive receptors or failing to produce useful antigen-

specific receptors230. Deregulation of apoptosis leads to pathological conditions as 

diverse as neurodegenerative diseases, autoimmunity and cancer231,232.
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Apoptosis has been suggested as an important alternative fate for HSCs189,233.

The observation that overexpression of the anti-apoptotic regulator Bcl-2 leads to 

an increase in size of the HSC pool, and enhance the competitiveness in vivo of 

these cells, indicates a role for apoptosis in regulating the HSC compartment234.

However, BCL-2 does not seem to be the main regulator in HSCs, but rather its 

homologue BCL-X 235
L . Fas, a surface receptor relaying death signals to the interior 

of cells, is not expressed on HSC in steady state, but can be induced by interferon 

, tumor necrosis factor  (TNF ) or culture236-239. Interestingly, it seems to exert 

dual roles on immature progenitors by promoting survival of human CD34+CD38

candidate HSCs while inducing cell death in more mature CD34+ +CD38  progenitor 

cells240. The extent of HSC demise or the signals regulating it under physiological 

conditions remains elusive, however. 

At home – the niche 

It has become evident that at least some stem cells are not solo artists starring on 

the stem cell biology stage, but are merely players of a team of cells and 

substances in a much larger and more complex system, deployed to maintain and 

repair tissues during an organism’s life-time. The study of the integration of stem 

cells and their progeny into tissues has taken use of the ecological concept of 

“niche”, which describes a living entity’s specific interaction with its environment. 

A hallmark of a functional stem cell niche is then to balance activity and 

quiescence, or self-renewal and differentiation, in such a way that enough 

progenitors are produced to answer the need of the organism, while safeguarding 

against an excessive stem cell proliferation which would pose a risk for malignant 

transformation241,242.

The concept of stem cell niches was first proposed by Schofield almost 30 

years ago, in reference to mammalian hematopoiesis87, but experimental evidence 

has only recently emerged, first in invertebrate models. The Drosophila 
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melanogaster (fruit fly) has a tightly regulated number of germ line stem cells 

enveloped in small pockets of cells constituting a stem cell niche (Cap cells in the 

ovary and Hub cells in the testis), that physically holds on to the stem cells, and 

delivers signals that block their differentiation. Under normal, steady state 

conditions, as the germ stem cell divides, one daughter cell remains under the 

constraints of the niche, whereas the other is displaced from the niche, and starts 

moving down the developmental pathway towards differentiated sperm or 

eggs243,244. The fate decision for the two daughter cells is partly taken by the 

orientation of the mitotic spindle, such that one daughter remains connected to the 

niche while the other “buds out” of it245. In case one or more germ stem cells are 

missing within the niche, the spindle orientation can cause both daughters to 

remain within the niche. Interestingly, an empty germ line stem cell niche can 

support proliferation of ectopic cells246 and even revert progenitor cells to a stem 

cell like state247. Niches have subsequently been described for several other tissue 

stem cells, such as neuronal, hair follicle, intestinal and blood stem cells (for 

reviews see241,244,248,249)

Although the niche concept was coined in conjunction with HSCs, a deeper 

understanding of the hematopoietic niche (or niches) has only recently emerged. 

Morphological and functional studies have indicated that HSCs and immature 

colony-forming progenitors reside in relation to the bone surface, away from the 

central cavity250-252. It has also been observed for some time that the bone tissue, 

and particularly the bone-forming osteoblast, by itself can support HSCs in co-

cultures253-255, and mouse models where osteoblastic differentiation has been 

blocked show a complete absence of hematopoietic activity within the BM256,257,

implicating the osteoblastic lining of the BM cavity as the anatomical location of 

the HSC niche. In two important papers, published back-to-back in the same issue 

of Nature 2003, genetically engineered mouse models where used to convincingly 

show the osteoblast dependency of HSCs258,259 258. In the first, Zhang et al observed 

that in mice, in which the bone morphogenetic protein receptor type IA (BMPRIA) 
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were conditionally inactivated, an increase in HSCs correlated with an increase in 

trabecular bone lining within the BM. Histological analysis revealed that long-term 

HSCs attached only to immature, spindle-shaped osteoblasts expressing N-

cadherin, and that N-cadherin adhered specifically to -catenin on HSCs. The 

number of the spindle shaped osteoblasts correlated to a high degree with the 

increased number of HSCs, suggesting that the rise in HSC numbers where due to 

an expanded niche. In the second paper, Calvi et al259 utilized the fact that 

osteoblasts are activated by parathyroid hormone (PTH), and constitutively 

expressed the PTH receptor under the control of a osteoblast-specific promoter 

( 1-collagen promoter) in mice. They observed, similar to Zhang et al, a 

correlation between increased osteoblasts and an increase in HSC numbers and 

function. In both papers, the increase in hematopoietic cells was restricted to 

HSCs. A third group reported the complementary finding, that induced osteoblastic 

deficiency was followed by reduction of HSC numbers, and that restoration of 

osteoblast function normalized hematopoiesis260.

However, other cells than osteoblasts must also be able to support HSC 

function, since hematopoiesis continues in vivo in the absence of osteoblasts260,

and can be maintained over time outside of the bone in tissues like spleen and 

liver261. Recently it was suggested that sinusoidal endothelial cells (cells creating 

the vessels in BM and elsewhere) might constitute a second major niche for 

HSCs129,262,263. The cells in contact with HSCs are discontinuously dispersed along 

the vessels, and express high levels of chemokine ligand 12 (CXCL12, also known 

as stromal cell-derived factor 1 (SDF-1), a chemokine known to be important for  

homing of HSCs to the BM (and which also happens to function as the entry 

receptor for HIV-1264) and E-selectin262,263. Although far more HSCs reside 

attached to these endothelial cells than to osteoblasts, very sparse evidence for any 

specific function of this niche exist. It might be just a way-station for HSCs 

mobilizing from the osteoblastic lining, or it might regulate stem-cell function in 

specific ways. Megakaryocyte maturation and thrombopoiesis have been reported 
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to be dependent on BM endothelial cells265, but whether similar dependence of 

other hematopoietic cell types on the endothelial niche exist is not known. It has 

been suggested that HSC at this vascular niche might be more cycling, and 

therefore a more readily accessible pool for maintaining cellular output, than the 

more quiescent HSCs residing attached to the endosteal lining266-269. The 

suggestion that the low oxygen tension within BM is a means for the HSC niche to 

keep potentially dangerous radical oxygen species (ROS) low to protect against 

negative effects on HSCs241,270 would be in line with the suggestion that the more 

cycling (and therefore more vulnerable)  HSCs should reside in the vicinity of 

vessels, benefiting from a better supply of oxygen, nutrients and circulating growth 

factors. Their cycling status would also explain why they are not readily detected 

at sites outside of the endosteal lining by label retaining assays258,271.

Although the composition of the niche in terms of cells, matrix and fluid 

seems comprehensible, the connections and interactions between these players and 

their modes of signalling are complex and still poorly understood. Whether 

asymmetric stem cell divisions in BM is regulated by differences in location of the 

two daughter cells relative to the niche, as has been described for the drosophila 

germ stem cells, is unknown (it is, in fact, not even known whether HSCs divide 

symmetrically or asymmetrically in steady state). But cues other than orientation 

which has been implicated in the maintenance and function of HSCs within the 

niche are for example signalling molecules like Jagged/NOTCH259, membrane 

bound stem cell factor (SCF, kit ligand)/c-kit272, Tie2/Angiopoietin-1271,273,

chemokines like CXCL12/CXCR4263,274, and adhesion molecules like 

osteopontin/ 1 integrin275,276 and N-cadherin/ -catenin258,269,272,273.

The role of the niche is thus to maintain the HSC compartment, but a further 

function seems to be to control the traffic of HSCs in and out of the niche. HSCs 

are known to briefly exit the BM into the circulation and home back to BM277

(although it has been argued that the exiting might often not be followed by 

homing again278). This reflects the physiological basis for therapeutical stem cell 
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transplantation, in which HSCs from a donor is injected into a recipient, whose 

blood forming system is ablated by prior irradiation and/or chemotherapy, and 

were they eventually home to the BM and reconstitutes the hematopoietic system. 

From a developmental point of view (as will be discussed in a later section) it is 

not so surprising that HSC travel through the circulation to take residence at other 

sites, since the entire hematopoietic system moves from the yolk sac to the liver 

and finally to the BM during embryonal development - but it is less obvious why 

that should happen in the adult organism. Perhaps it is just a secondary 

consequence of permanent bone remodelling269, or it is a means for the 

hematopoietic system to replete niches reduced in HSC content due to trauma, 

disease, random non-self renewing HSC divisions, or other reasons. A few ways 

for the organism to physiologically regulate this process has recently been 

elucidated. For example, the increased calcium ion concentration in BM (due to the 

normal bone turnover) regulates the lodging (but not the homing) of HSCs within 

the niche by affecting the seven-transmembrane Ca-sensing receptor on HSCs279.

Nervous signalling in the form of noradrenergic release within the BM has been 

described to, somewhat unexpectedly, impact HSC release by negatively regulating 

osteoblasts and CXCL12 expression280, and thus integrating tissue signalling with 

niche function. The ability of circulating HSCs to home back to the niche depends 

on the chemoattractant activity of CXCL12/CXCR4, and has been used for 

decades in HSC transplantation - but also the ability to migrate out of the niche is 

increasingly used clinically.  By pre-treating the HSC donor with G-CSF and/or  

certain cytotoxic drugs (i.e. cyclophosphamide) HSCs briefly mobilizes into the 

circulation following degradation of the CXCL12/CXCR4 axis281,282, increasing the 

circulating pool of CD34+ cells from <0,1% to >1%, which allows harvest of 

sufficient numbers of HSCs through leukapheresis directly from the circulation283.

This is today the preferred way of acquiring HSCs for transplantation, because of 

the relative ease for the donor as compared to BM aspiration, and since mobilized 
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HSCs generally engrafts faster, and thus shortens the dangerous neutropenic phase 

following myeloablation of the recipient283,284.

If the niche is fundamental for HSCs, could the same be true for leukemic 

stem cells (LSCs), or any cancer stem cells (CSCs)? It is not known whether LSCs 

depends on a niche for self-renewal, but they share at least some features with 

HSCs, such as responding to CXCL12 by co-localizing with HSCs in their 

niche262,263,285,286. It is intuitively appealing to believe that CSCs, which seem to 

resemble normal stem cells in so many ways, would be also dependent on a niche, 

and this notion is supported by the observation of BM derived cells creating a pre-

metastatic niche for subsequently incoming tumor initiating cells287, and by the 

dependence of chronic myeloid leukemia (CML) and acute myeloid leukemia 

(AML) stem cells (but, interestingly, not normal HSCs) on the actions of CD44, a 

cell-surface molecule important for cell-cell adhesion288,289. A differential 

dependence on the niche between normal and malignant stem cells (such as for 

CD44 and PTH) could implicate new, highly interesting targets for treatment of 

cancer290,291.

Hematopoietic development 

In all vertebrates, hematopoietic development is occurring in two successive 

waves, primitive and definitive hematopoiesis, the first from the extra-embryonic 

yolk sac (YS) and the second from the developing vessel wall in a structure called 

the aorta-gonads-mesonephros (AGM) region within the embryo proper. In mice, 

the first blood cells are primitive nucleated erythroid and macrophage precursors, 

detected in the YS at embryonic day 7.5 (E7.5). They enter circulation between 

E8,5 and E9, after which time the hematopoietic potential of the YS disappears. 

The second wave is detected in the AGM region at E8.5-E9 and disappears by E13. 

HSCs circulates and seeds the fetal liver (which is not believed to form any 

hematopoietic progenitors by itself) at around E10, and thereafter develops as the 
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major hematopoietic organ until birth, after which time the BM takes over this role 

throughout adult life292,293.
294It seems that the two waves of blood forming elements arise separately , but 

their respective contribution to definitive hematopoiesis has been controversial for 

decades. YS blood cells do not long-term reconstitute irradiated adult recipients, 

while AGM derived hematopoietic cells do. It seems, however, that YS cells can 

acquire a long-term reconstituting potential if let to mature in culture with AGM-

derived stromal cells, or even when passaged through the fetal liver in transplant 

experiments with newborn recipients. It is, however, still unclear if both cell types 

in the end effectively colonizes the fetal liver295.

Several molecular cues important for the early hematopoiesis have been 

identified by targeted disruptions of various transcription factors. A hierarchical 

importance through the early phases of blood formation is evident by the absolute 

requirement of SCL/tal, Lmo-2, GATA-1 and GATA-2 for the initiation  of both 

primitive and definitive hematopoiesis295, while RUNX1 (also known as AML-1) 

is necessary for definitive but not primitive hematopoiesis296, and ETV6/Tel for the 

establishment of hematopoiesis within the BM, but not for YS, AGM or fetal liver 

hematopoiesis297.

The knowledge of human hematopoietic development is less detailed due to 

scarcity of very early embryos and limitations of functional assays for human 

hematopoietic cells, but available data suggests that the human program closely 

parallels the mouse program in both sequence and anatomy298. Blood formation is 

initiated in the YS at E16, and disappears before E60, while AGM hematopoiesis 

occurs between E27 and E40. Importantly, hematopoietic LTC-ICs can be detected 

as early as E19 in the splanchnopleura, a structure preceding the AGM in the 

embryo proper, 3 days before onset of circulation, indicating that YS and AGM 

hematopoiesis arises separately in the two locations also in man299. Hematopoiesis 

is transferred to the liver at E30, which is the major hematopoietic organ from E42 

to 20 weeks of gestation, after which time hematopoiesis occurs in the BM298.
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HSCs change phenotype and function through ontogeny. The aging HSC pool 

increases in size and self renewal capacity but suffers a measurable functional 

decline, such that stem cells from a younger source always has a competitive 

repopulation advantage over stem cells from an older donor300. Older HSCs are 

also skewed in myeloid direction with a diminished lymphoid potential and a loss 

in immune function as a result301. Recently a steady increase with age of the tumor 

suppressor p16INK4a was suggested to cause most of this ageing phenotype in 

HSCs302.

Hematopoiesis

The cells 

The ultimate importance of stem cells reside in their progeny, the mature, non-

dividing effector cells, which leave the BM and enters circulation to perform their 

diverse, life sustaining activities. The cellular content of blood is sometimes seen 

as a floating organ, but should perhaps be seen as several distinct organs, sharing 

only their ancestry and the capacity to perform their functions as single cells 

dispersed throughout the body, but otherwise as different in their purposes and 

actions as, say, the heart and the pancreas. Three distinct cellular compartments 

sustain the life of the organism by performing three distinct and vitally important 

functions. First, the erythrocytes, or the red blood cells, which as mature cells 

have lost their nucleus, and therefore have no means to answer to cues from the 

environment. They are delivered to the blood stream armed with haemoglobin, a 

molecule that colors blood red, and which transport oxygen to all tissues. Oxygen 

is absolutely necessary for all cells as a source of energy, and therefore there are 

few living cells in the body (with corneal cells as a notable exception) who 

survives at a distance greater than 0,2 m from a capillary. Second, the platelets, 

the smallest of all blood cells, also without a nucleus, which patch vascular leaks, 

and without which we would be at constant risk for fatal bleedings. Third, the 
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white blood cells, which constitute the immune defence. The immune system in 

higher organisms is quite complex, and consists of several specialized subsystems 

accumulated during evolutionary time, with diverse functions performed by 

specialized cells. 

Cancer in the hematopoietic system arises almost exclusively from cells in the 

third group, the white blood cells making up the immune system, with 

erythroblastic leukemia (affecting the lineage leading to red blood cells) and 

megakaryocytic leukemia (the platelet lineage) as very rare exceptions. Therefore 

my focus below will be on the diverse white blood cells in general, and on a 

specific subset of white blood cells, the lymphoid cells, in particular, as the 

leukemic counterpart of these are the main subjects of study in this thesis. 

The immune system 

(As general references on the sections on the immune system, see303,304). Immunity 

is conferred by a complex system of barriers, cells and chemical compounds, 

which interact to protect the host from invading microbes, but also detects and 

destroys tumor cells and inactivates certain toxins. The immune system is 

commonly considered to consist of two components, which differs in immunologic 

specificity and time to respond. The innate immunity represents the 

phylogenetically oldest component and the first line of defence against invasion. 

Its functions are based on a broad reactivity against common themes displayed by 

invaders, and are not specific against any particular pathogens. The very first line 

of defence is made up of physical and physiological barriers, such as the integrity 

of the skin, entrapment and anti-microbial activity of mucus on mucus membranes, 

fever (which confers an inhospitable condition to some pathogens), acid secretions 

(such as gastric acid to the stomach content and sebum produced by sebaceous 

glands on the skin), and various soluble or cell-associated molecules with the 

property of pattern recognition (which is the ability to recognize and interact with 
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classes of molecules usually not found in multicellular organisms, but are 

commonly displayed by microbes)  like the complement system or Toll-like 

receptors on macrophages305. The cellular part of the innate immunity consists of 

phagocytes, a group of cells with the capacity to ingest and digest exogenous 

cellular or particulate antigens, and endogenous matter such as dead cells or cell 

debris. The monocytes are phagocytic cells produced in the BM and resides only 

briefly (~8 hours) in the circulation before they enter into tissues and differentiates 

into tissue macrophages or dendritic cells. The macrophages can either remain 

motile and migrate through the tissues, or be fixed in certain tissues, and are then 

given different names depending on the tissue in which they take residence, for 

example histiocytes found in connective tissues, Kuppfer cells in the liver, 

mesangial cells in the kidneys, microglial cells in the brain and osteoclasts in bone. 

Myeloid cells, or granulocytes, are divided into neutrophils, eosinophils and 

basophils, of which only the neutrophils and eosinophils are phagocytic. The 

neutrophils are the most important cells in the immediate cellular defence against 

bacteria and fungi, partly because of their numbers, and partly because they are the 

phagocytic cells most likely to kill the microbes they have ingested. It is a fact in 

clinical practice that an extended neutropenic phase after for example cytotoxic 

therapy inevitably leads to infection by bacteria and/or fungi. All of these players 

are important in their own right, but together they also contribute to activate an 

even more powerful and versatile part of the immune system – the adaptive 

immunity of lymphoid cells 

Adaptive immunity

Adaptive immunity is from an evolutionary point of view a more recent component 

of the immune system, abruptly appearing in jawed fish (were sharks are the 

phylogenetically oldest member) and then in all higher vertebrates, while even 

plants can mount some form of innate immunity. Adaptive immunity offers, in 
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contrast to the innate system, a highly specific targeting of virtually every possible 

antigen, and a subsequent memory of the assailant, allowing an augmented 

response when reencountered.  The main actors are the two kinds of lymphoid 

cells; B lymphocytes (B cells) and T lymphocytes (T cells). They differ in what 

antigens they recognize, such that B cells are activated by antigens located outside 

of the cells in the body, while T cells reacts against intracellular antigens, such as 

for example viruses. They also differs with regard to what kind of responses they 

evoke, with B cells producing antibodies (immunoglobulins, Ig), antigen specific 

molecules which either binds to and inactivates antigen (such as bacterial toxins or 

virus) or coats pathogens and thus mark them for destruction by macrophages or 

complement by a process called opsonisation; while T cells display a more diverse 

array of responses, including direct killing of antigen presenting cells or activation 

of B cells or macrophages. 

The great antigen diversity and specificity of lymphocytes rests on their 

antigen receptor molecules; in B cells called the B cell receptor, which in its 

membrane-bound form acts as a recognition and activation molecule, and which is 

secreted as antibodies from the activated B cell; and the T cell receptor, a 

molecule closely related to immunoglobulin but always membrane-bound and 

never secreted, which acts by recognizing antigens and activating the T-cell. The 

mechanism by which the diversity of antigen specificities is created for these 

molecules is unique, since the genes describing the antigen receptors are not laid 

down as such in the germline, but uniquely produced by every single B- and T cell 

in an active process of randomly rearranging gene-segments to a unique sequence. 

This means that a single B or T cell has specificity towards only a single antigen, 

and the great diversity within the system is the result of billions of different 

lymphocytes displaying different antigen receptors.  

The B cell receptor can recognize antigen directly, but the T cell receptor can 

only recognize antigens degraded to small peptide molecules inside other cells and 

presented on the surface embedded in a large molecule called the major 
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histocompatibility complex (MHC, referred to as the HLA complex in humans, 

or the H-2 complex in mice). There are two classes of MHC molecules; class I 

MHC (HLA-A, B and C) molecules are expressed on virtually all cells and 

activates cytotoxic T cells, whereas class II MHC (HLA-DP, DQ and DR)

molecules are expressed by antigen-presenting cells and activates mainly T helper 

cells (There is also a class III MHC, which includes molecules critical for immune 

function, but do not share structural similarity or functions with class I or II 

molecules). The MHC molecules are polymorphic (have different amino-acid 

content between individuals) and since they are central in activating T cells 

constitutes the major immunological barrier for transplantation of organs or tissues 

between individuals.

Recognition of an antigen by a B or T cell receptor is not enough to activate 

the lymphocyte to become an effector cell, but a second co-stimulatory signal is 

needed. B cells encountering antigens internalizes the antigen-B cell receptor 

complex, processes the antigen and presents it on the surface to a helper T cell, 

which in turn activates the B cell by the interaction of CD40 (on the B cell) and 

CD40L (on the T cell). T cells, on the other hand, are activated by antigen-

presenting cells, particularly mature dendritic cells, but also macrophages and B 

cells, displaying the antigen together with a MHC class II molecule and a co-

stimulatory signal (CD80 or CD86, interacting with CD28 on the T cell) . The 

innate and the adaptive immune systems are thus intimately interconnected. 

After a lymphoid cell has been activated by encountering an appropriate 

antigen and has received the necessary co-stimulatory signal, it will proliferate and 

thus cause a clonal expansion of lymphocytes with the necessary antigen 

specificity. Activated B cells can differentiate into plasma cells, which produce 

and secrete antibodies with the same antigen specificity as the B cell receptor, and 

T cells differentiate into either cytotoxic T cells, recognizable by their cell surface 

expression of CD8, and which detects and kills cells containing pathogens, or into 

helper T cells, expressing CD4 on the surface, which activates other 
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immunoactive cells by secreting cytokines or by direct cell-cell signalling. Both B- 

and T cells can also differentiate into memory cells, which confer immunological 

memory by reactivation when encountering their specific antigens again.

Immunoglobulin gene rearrangement 

Antibodies and T cell receptors are similar in structure and in the way they are 

rearranged. Both are made of two different polypeptides (a duplication of a light

chain (IgL) and a heavy chain (IgH) in antibodies, which corresponds to a - and 

 chain, or rarely a - and  chain, in the T-cell receptor), each with a variable

region, which confers antigen diversity and recognition function, and a constant

region, which defines the isotype of the antibody (and therefore its specific 

function), but has a negligible role in the T cell receptor (Figure 3). The 

rearrangement of the immunoglobulin genes will be discussed below, but the 

principles are the same for the T cell receptor.A complete antibody molecule 

consists of two identical IgH and a pair of IgL, of which there are two types, 

Figure 3. Structure of an antibody and a T cell receptor.
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termed kappa ( ) and lambda ( ), which are mutually exclusive on single mature 

B cells. The genes for these molecules are located on different chromosomes (IgH 

on chromosome 14, Ig  on 22 and Ig  on 2), and exist as loci containing many 

alternative gene segments which can be randomly joined to produce a specific 

antibody. Three different gene segments are needed to produce an IgL molecule: 

one for the constant region, called the CL gene segment (where the L indicates that 

it is the light chain), and two for the variable region, called variable or VL gene 

segment and joining or JL gene segment. The IgH gene also contain a CH gene 

segment (with H denoting Heavy), but has 3 variable segments, with a diversity or 

D  gene segment in between the VH H and JH segments. There are multiple copies of 

the gene segments describing the variable region, which are randomly selected by 

somatic recombination of separate gene segments (Figure 4). Only one gene 

segment is rearranged at a time, in a fixed order; first IgH is rearranged, followed 

by IgL. During this process, all other segments are deleted, leaving the B cell with

Figure 4. A simplified view of the rearrangement process of the heavy chain (IgH). There are 
multiple gene segments to choose from – in humans there are 40 VH, 25 DH and 6 JH genes – 
numbers which can vary slightly between individuals. The recombination process is ordered, 
such that first is a DH segment joined to a JH segment, and then is a VH segment joined to the 
DHJH sequence. The process is similar for the light chains (IgL), but the VL segment is joined 
directly to a JL segment. 
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the gene sequence for only one, unique antibody. The CH segment is also available 

as several copies, but these are not somatically recombined and do not contribute 

to antigen detection, but rather specifies the isotype of the immunoglobulin 

molecule. B cells can change isotype of secreted immunoglobulins by alternative 

splicing at the RNA level, so that translation of C , for example, results in an IgM 

molecule and C  translates into an IgG molecule. These different isotypes have 

different functions, and are secreted at different anatomical localisations, but they 

all have the same antigen specificity.  

The diversity of the immunoglobulin molecules is created by the random 

combinations of VH, DH, JH and V  and JL L segments, which theoretically results in 

1.9x106 different antibody molecules. Diversity also increases by the random 

combination of IgH and IgL pairs. The random addition of up to 20 nucleotides at 

the junction between IgH segments by terminal deoxynucleotidyl transferase

(TdT) increases the total number of possible antibodies to as many as 1011. The 

actual number of different antibody specificities created by these combinatorial 

diversity mechanisms in an individual at any given time is, however, substantially 

less.  Finally, a further increase in diversity is caused by somatic hypermutation,

which introduces point mutations at a high rate into the V regions of IgH and IgL 

in activated B cells – a process leading to the selection of some B cells expressing 

antibodies with an increased affinity for their antigens, and therefore called 

affinity maturation, which is one reason adaptive immunity against a particular 

antigen increases in  strength with time306.

The specificity and diversity of the adaptive immune system adds power to the 

overall protection against pathogens. But considering that invertebrates, lacking an 

adaptive system, thrive and remain healthy in the face of the same microbial 

challenges as the more developed vertebrates invokes the question: what is the 

evolutionary need for an adaptive system, were the risk of autoimmunity is a price 

to be paid? One function, only partly covered by the innate system, is to recognize 

and destroy malignant cells displaying aberrant antigens on the surface. Another 
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recently proposed function could be to recognize and manage complex 

communities of beneficial microbes residing in or on all mucosal linings in 

vertebrates307.

Lymphoid cell development 

Both B- and T cells are descendants from the HSC within the BM, and seems to 

share a common progenitor for a short while, the CLP308. B cells continue their 

differentiation within the BM after commitment, while T cell progenitors mature in 

the thymus. B cell development will be described at some detail, since their 

leukemic counterparts are the focus of this thesis, while the T cell development, 

although more complicated, will be briefly discussed. 

The first precursor cell restricted to the lymphoid lineages is the CLP, which 

has been defined in mouse as cells displaying the phenotype Lin loSca-1 c-kitloThy-

1 +181IL-7R , but which is poorly defined in humans due to limitations of clonal 

lymphoid assays and differences in antibodies/fluorochromes giving contradictory 

results. A proposed composite phenotype would be Lin +CD34

CD38+CD45RA+ + + +CD7 CD10 , where CD7 CD10  cells are skewed towards T/NK 

lineages, CD7 + +CD10  cells towards B lineage and the small CD7 CD10+ fraction 

possibly represents the precursor, although this awaits prospective purification and 

clonal analysis182,183,308-310. The further progression towards mature B cells is 

defined by the rearrangement of the immunoglobulin genes and the sequential 

expression of transcription factors and surface molecules. The fact that 

immunoglobulin gene rearrangements and expression of surface markers are not 

fully synchronized leads to a sometimes confusing terminology, depending on if 

the stage ascribed to a B cell population is defined by surface markers or the 

progression of  immunoglobulin gene rearrangement. B cell development in mice 

is elucidated in much greater detail than in humans, and the terminology and 
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discrete steps does not necessarily overlap in all instances. The description below 

refers to human B cell development. 

Early B cells are cells in transit between the CLP and B cell commitment, 

which does not seem to constitute a discrete step, but rather a progressive 

restriction of potentials other than the B lineage. These cells are CD10  and CD19

and have often initiated DJH rearrangement and express B-lineage specific proteins 

such as VpreB, Ig  (CD79a), EBF, E2A, TdT and Rag-1 but do not express 

Pax5311,312. Cells with this phenotype illustrate a stage of lineage bias before full 

lineage restriction since they can be forced to differentiate into macrophages, NK 

cells and T cells, while retaining the DJ  rearrangement312
H . How often, or if at all, a 

B cell biased progenitor actually changes fate into another lineage in vivo is not 

known. The next stage, represented by Pro B cells, is defined by the expression of 

CD19 and CD34, but lacking cytoplasmatic or cell-surface HC (the heavy chain 

protein resulting from a completed IgH rearrangement). IgH is actively rearranging 

during this stage, although a few pro B cells have IgH in germline313 while 5-10% 

of purified CD34+CD19+ pro B cells display cytoplasmatic HC311. As Pax5 is 

locking mouse pro B cells into the B lineage fate and concomitantly induces the 

expression of CD19, it seems that CD19 would be the definitive marker including 

all “true” B cells226,229. This notion is supported by the finding that CD19 is never 

turned on, even transiently or promiscuously, in any other cell than B cells in

vivo225. A pro B cell must successfully rearrange its IgH gene to proceed to the 

next stage; otherwise it will die by apoptosis. The pre B cell looses expression of 

CD34, and displays the VDJH rearrangement product as HC in the cell interior or 

on the cell surface, where it forms together with a surrogate light chain ( LC,

composed of the IgL-like proteins VpreB and 5) the pre B cell receptor, which 

signals several rounds of division prior to the rearrangement of the IgL genes313.

Upon completion of a functional IgL rearrangement (either Ig  or Ig ) a fully 

formed immunoglobulin molecule (IgM) is displayed on the cell surface, which 

signifies the transition to immature B cell308,311. This cell is not yet 
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immuncompetent, since it is not reactivated upon antigen challenge, but rather dies 

after crosslinkage of its surface IgM molecules, which effectively removes self-

reacting developing B cells. Next it develops into a naïve mature B cell, which

displays both IgM and IgD on the cell surface. When encountering an appropriate 

antigen it is activated and can become either an immunoglobulin-secreting plasma 

cell or a long-lived memory cell. 

T cells need the stroma of the thymus for proper development. The nature of 

the BM derived  progenitor cell which seeds the thymus and becomes T cells is 

still obscure314. Post-commitment T cell development parallels B cell development 

in its dependency of sequentially completing the different stages of gene 

rearrangement in order to progress to the next stage, with concomitant 

characteristic changes in cell surface phenotype. There are, however, more choices 

for the developing T cell as it can turn into CD4 helper T cells or CD8 cytotoxic T 

cells, and possibly also suppressor T cells, and can rearrange the T cell receptor 

genes in two distinct ways, producing the more common  T cells, or a small, 

non-MHC restricted  T cell subset. Upon activation are T cells turned into 

effector T or memory T cells (similar to plasma cells and memory cells in the B 

lineage.).

Immunity is in many cases life-long, and depends upon clonal B and T cells. 

This is accomplished by the memory lymphocytes, which can self-renew or 

differentiate into at least two distinct populations of cells (new memory cells or 

effector cells), and therefore formally fulfils the criteria of being stem cells315-318.

All other subsets of B and T cells lack self renewal capacity and are not long lived 

(in fact, more than 90% of all maturing B and T cells die within the BM or thymus 

by apoptosis due to non-productive antigen receptor rearrangements or by selection 

processes deleting self reactive cells or cells displaying antigen receptors without 

any affinity), with plasma cells, which can survive in the BM for several years, as 

the only exception319,320.
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The word leukemia means white blood (Gr. leucos white + haima blood) and refers 

to the white layer formed by increased numbers of leukocytes (white blood cells) 

on leukemic blood samples that has been left standing for a while. The term 

encompasses very different diseases with the common denominator that they are 

cancers of the hematopoietic system. Leukemias can be subdivided into acute and 

chronic leukemia, which historically reflects the natural history of the disease 

when no treatment was given, in which case acute leukemias usually leads to death 

within a few months, whereas a patient with a chronic leukemia can live many 

years. These two subtypes can be further subdivided into lymphoid and myeloid 

leukemia, depending on the morphology and phenotype of the leukemic cells; 

resembling either immature lymphoid or myeloid cells, and for long time thought 

to reflect the lineage of the initiating cell. The two chronic diseases, chronic 

lymphoid leukemia (CLL) and chronic myeloid leukemia (CML), are mainly 

diseases of the elderly patient (CML accounts for a few percent of all leukemias in 

children; CLL does not afflict children at all). Acute myeloid leukemia (AML) can 

be classified according to the French-American-British (FAB) system into 8 

groups (FAB 0-7), based on lineage characteristics (or lack thereof) of the blast 

cells, while acute lymphoblastic leukemia (ALL) is subdivided into B- and T-cell 

ALL.

ALL is the most common cancer in children, and accounts for 80% of all 

leukemia in this age group. ALL can, based on phenotype, be classified as B-cell 
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lineage (80% of ALL) or T ALL (20%). In adults AML dominates, followed by 

CML, CLL and ALL. 

The focus in the following sections is on acute leukemias in general and ALL 

in particular.

Pathogenesis

The ultimate cause for acute leukemia in individual patients is very rarely known. 

Several genetic syndromes are associated with an increased risk for developing 

acute leukemias (either lymphoblastic or myeloid), such as for example Down 

syndrome, Neurofibromatosis type I, ataxia telangiectasia, Fanconi anemia, 

Wiscott-Aldrich syndrome and several immune deficiency syndromes321; however, 

they account together for less than 5% of cases. Population based studies show no 

excessive risk for first degree relatives to children with cancer that cannot be 

explained by known hereditary syndromes321, indicating that other, as yet 

unknown, inheritable predispositions probably exert no major role in the 

pathogenesis.

Exposure to ionizing radiation is another established risk factor for leukemia, 

but its impact on the incidence is presumably small322,323. Chemical exposure to, 

for example, benzene, or to certain cytotoxic drugs (e.g. alkylating agents or 

epipodophylotoxins, used for the treatment of cancer) are known precipitating 

factors for AML324, but no firmly established link between exposure to chemicals 

and ALL have been established.

Pediatric ALLs have further been proposed to be a developmental disorder, 

similar to osteosarcomas of the bones and germ cell tumors, which all have their 

peak incidences at ages corresponding to the maximum growth rate of the tissues 

from which the tumors develop. The intense proliferation would then simply 

increase the probability of mutational and potentially oncogenic events. 
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A strong case has been made for infections as an etiological factor. Viruses 

are directly implicated in the pathogenesis of certain lymphoid malignancies, such 

as Burkitt‘s lymphoma (which also occurs in a disseminated form as B-ALL), 

which has a very high incidence in tropical Africa and Papua Guinea (where it is 

the most common cancer among children) and has a strong association with EBV 

virus, and possibly also with malaria325,326. EBV is also thought to be a contributing 

factor for Hodgkin’s lymphomas326,327. However, albeit no specific virus has been 

linked to common pediatric ALL and no viral genomic inclusions have been found 

within leukemic cells, there is evidence for space-time clustering, excess incidence 

with higher population mixing, and seasonal variation suggesting infection as 

contributing causal factor328. The marked incidence peak of pre B-ALL around 2-5 

years of age typical for socio-economically developed countries, is suggestive of 

important environmental factors329 330. Greaves  has proposed a model for 

leukemogenesis similar to Knudsons two-hit model for retinoblastoma331, with at 

least two independent events leading to leukemic transformation. The first event 

seems to occur most commonly in utero332,333, creating a pre-leukemic clone of 

cells, which are the basis for the second hit, occurring several years later. The 

delayed exposure in more affluent societies of the immune system to common 

microbes could invoke a hyper reactive or unbalanced immune response, acting as 

the second event on the pre-leukemic clone and precipitating overt leukemia322.

Pathophysiology, clinical features and diagnosis 

Leukemia is a clonal disorder334,335 arising from a blood forming progenitor cell in 

the BM, which due to genetic perturbations has lost the normal restraints to 

proliferation and therefore gradually replaces the normal hematopoietic cells with 

its progeny. In accordance with its blood heritage leukemia is a floating cancer, 

which probably very early mobilizes out of the BM and enters the circulation, from 

where it seeds the BM in all other bones and can be found more or less in any 
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tissue or organ within the body. The infiltration of BM with leukemic blast cells 

compromises normal hematopoiesis, and the ensuing anemia, thrombocytopenia 

and neutropenia causes most of the initial clinical symptoms and findings, such as 

pallor, fatigue, petechiae or purpura (small punctuate or larger bleedings into the 

skin) or overt bleedings, and fever. White blood cell counts (WBC) are abnormally 

high in approximately half of patients, due to circulating blasts, but are within or 

below normal reference values (<10x109/L) in the remaining half, were differential 

counts usually reveals reduced numbers of several or all of the normal blood cell 

lineages. Circulating leukemic cells causes clinically apparent enlargement of liver, 

spleen and/or lymph nodes (localized or generalized) in between half and two 

thirds of cases. Bone pain, presumably caused by infiltration of periosteum (a 

specialized connective tissue covering all bones) and the bone itself, is a common 

complaint, as is anorexia and other unspecific symptoms. 

The diagnostic procedure is usually a BM aspiration followed by analysis of 

the cells with regard to morphology, phenotype and genotype. Morphological 

examination of BM smears is fast and has a long track record in diagnosis of 

haematological diseases, and is still often necessary in order to evaluate possible 

differential diagnoses. Establishment of the phenotype is also fairly fast, and 

informs of the type of leukemia (AML or ALL, which often, but not always, can be 

distinguished by morphological examination; and B- or T ALL, which can not be 

distinguished by morphology). Information about genotype can sometimes aid in 

difficult cases to establish an exact diagnosis, but is more often important for 

prognostic purposes. In comparison with some solid tumors, a diagnosis of 

leukemia is usually arrived at very fast, and a child presenting at an emergency 

department in the morning can often have the diagnosis of acute leukemia 

established and treatment started the same evening. 
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Leukemic biology and genotype 

Cancers are considered to be caused by disruptions of the genome, leading to the 

loss or amplification of gene expression, or to the creation of hybrid genes through 

fusions, which results in an altered cell function. The disruptions might target the 

DNA directly, as in point mutations, structural alterations in the genome sequence 

(translocations, deletions, inversions and so on), and changes in ploidy

(chromosome numbers), or it might alter gene transcription by epigenetical 

changes. Several cellular alterations, and therefore also several concurrent genomic 

disruptions, have been proposed to be critical for malignant transformation, such as 

increased proliferative potential, reduced apoptosis, reduced dependency on 

survival signals and reduced responsiveness to inhibitory signals, increased 

angiogenesis and genomic instability232. However, despite a dramatic increase in 

our knowledge of the molecular machinery of normal and malignant cells is the 

link between the observed genomic alterations in human cancers and the actual 

malignant phenotype poorly defined in most cancers in general, and in ALL in 

particular.

Among the hematopoietic malignancies, CML and AML are the best 

characterized from a molecular and mechanistic point of view (reviews on the 

molecular wiring of AML and CML cells are legio), while the same is not true for 

ALL - and still ALL has met with the greater success in terms of treatment results. 

This difference might very well be due to biological differences, such that AML 

and CML are simply more difficult to cure, but seems to have led to different 

research approaches towards improving the treatment of patients. With regard to 

AML and CML, the gain in molecular knowledge has translated into drug 

developments, such as for example all-trans-retinoic acid (ATRA), which 

specifically targets the chimeric protein encoded by PML-RAR  in promyelocytic 

leukemia, and imatinib, which targets the fusion tyrosin kinase protein BCR-

ABL1 caused by the t(9;22) in CML. The amazing progress in the care of patients 
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with ALL, on the other hand, is mainly due to the incremental gain of empirical 

knowledge through large, multicenter (and often international) trials, which have 

informed on the details of combination chemotherapy, risk group stratification and 

supportive care. The impact of the molecular progress has been mainly in risk 

classification, but not in the development of new treatment modalities (all drugs 

used in the treatment of pediatric ALL today were at hand already in the end of the 

1960s, before the disease was even thought of as curable!336). Since two thirds of 

ALL patients are children (in whom it is the most common cancer) the disease is 

mainly attracting the interest of pediatric oncologists, who follows the line of 

research which has been so successful thus far, i.e. identifying risk factors and 

treatment variables influencing outcome. Perhaps both camps, adult hematologists 

seeing the majority of AML patients, and pediatric oncologists with their ALL 

patients, have things to learn from each others´ approaches. Considering that the 

survival curve of patients with ALL, which rose so impressively during the 1970s 

and 1980s, is flattening out, and that most contemporary treatment protocols reach 

virtually the same results using somewhat different approaches337, suggests that 

new, molecularly informed, treatment modalities might be needed in order to cure 

the last 10-20% of patients, who might otherwise not be cured, whatever 

combination of known drugs are given.  Chromosomal aberrations can be 

identified in the leukemic cells of virtually all patients diagnosed with ALL 

(Figure 5). Most aberrations are recurrent and non-random, and are due to 

translocations, which mean breaks and exchange of genetic material between at 

least two chromosomes, or an abnormal chromosome number (aneuploidy). Some 

are important due to their impact on prognosis, and some predict for response to 

specific therapies338. Although most of the non-random aberrations have been well 

characterized at the molecular level, their relevance for the leukemic phenotype is 

largely unknown. Two of the translocations, t(12;21) causing the RUNX1-ETV6

fusion and t(9;22) resulting in the BCR-ABL1 fusion, due to their importance in 

this thesis are described in detail in the following sections.
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Figure 5. The relative occurence of genetic aberrations in ALL in children and adults. T-cell 
ALL have characteristic translocations usually involving a TCR gene as one partner, fused to 
several other genes as indicated in the chart. The translocations involving MYC and one of the Ig 
chains are typical of mature B ALL, while the other aberrations are found mainly in pre B ALL. 

ETV6-RUNX1 (TEL-AML1) 

The 12;21 translocation is a cryptic fusion usually not detected with conventional 

cytogenetic analysis, and its relevance as the most common specific genetic lesion 

in pediatric ALL, found in 20-25% of the cases, is therefore a relative recent 

finding339-342. The translocation fuses two genes with important functions in 

hematopoiesis, RUNX1 (also known as AML1, CBFA2 and PEBP2 ) and ETV6

(also known as TEL), to create the t(12;21)(p13;q22). Both genes are known as 

fusion partners with many other genes, and with each other, in hematopoietic 

malignancies.

RUNX1 is one of three DNA-binding heterodimeric transcription factors 

(RUNX1-3), which together with the non-DNA-binding partner, CBF , forms a 

core-binding factor (CBF), which mainly acts as an activator (in mammalians) on 
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target genes. CBF  increases affinity of RUNX1 protein to DNA, and protects it 

from proteolysis, and is essential for RUNX1 function, since loss of CBF  function 

phenocopies RUNX1 mutations343. RUNX1 is important for the specification of 

definitive HSCs in early embryonal development, as evidenced by the profound 

block in definitive hematopoiesis when both alleles of RUNX1 (or CBF ) are 

disrupted296 344,345, but is largely dispensable for HSC maintenance . Inducible 

disruption of RUNX1 in adult mice further revealed impaired megakaryocyte 

maturation and defective B and T cell development344. CBFs are also implicated in 

AML through the fusion between RUNX1 and ETO, creating the t(8;21)(q22;q22), 

and the inversion including CBF  in inv(16)(p13;q22), together representing 20-

25% of all AML343. How the same transcription factor can generate two such 

disparate diseases as ALL and AML is unclear, but important differences in the 

involvement of RUNX1 could possibly explain the lineage bias, such as the relative 

contribution of the gene in the translocations (almost the whole RUNX1 in 12;21 

but a somewhat truncated  RUNX1 in 8;12), the difference in promoter (12;21 is 

regulated by the ETV6 promoter whereas 8;21 is expressed under the RUNX1

promoter), and the choice of fusion partners which can add specific functions to 

the fusion protein346. The specific role of the RUNX1 in leukemic development is 

also dual as it seems to be able to act as both oncogene and tumor suppressor346;

for example is amplification of RUNX1 in 2-5% of pediatric ALLs associated with 

a poor prognosis347-349, while its role in the ETV6-RUNX1 fusion seems to be to 

dominantly inhibit the transcriptional activity of the remaining RUNX1 allele 

through recruitment of nuclear co-repressor complex (N-CoR)350, suggesting a 

tumor suppressor function. 

The fusion partner, ETV6, is an ETS-domain transcription factor expressed in 

most tissues and acting mainly as a transcriptional repressor351,352. It is, like 

RUNX1, vitally important for early hematopoietic development (the transition 

from fetal liver to BM hematopoiesis)297, but unlike RUNX1 it is essential for 

survival and maintenance of HSCs in adult life353.

 62 



Leukemia

The acquisition of the ETV6-RUNX1 fusion is an early event in the 

leukemogenic process, as it is found on retrospective analysis of Guthrie cards 

(blood samples taken on all newborns for screening of several metabolic disorders) 

from children later developing ALL; but seems not to be sufficient for 

transformation, since the concordance rate between homozygous twins is rather 

low (<10%), latency is long, and only one out of a hundred children with the 

translocation present at birth will ever develop leukemia332,354-356. Mouse models 

with transduced expression of ETV6-RUNX1 supports the notion that the 

translocation is not sufficient for transformation, but rather show a deficit in B cell 

development with an accumulation of pro-B cells357-359. However, another study 

observed instead enhancement of pre B cell self renewal and promotion of B cell 

development360, which perhaps might be explained by the transduction of 

hematopoietic fetal liver cells instead of adult BM cells, which might more 

truthfully model the fetal origin of the human disease. Thus, the acquisition of 

t(12;21) might be a first hit, creating a “pre-leukemic” clone, which can act as a 

substrate for subsequent genetic lesions eventually leading to full leukemic 

transformation361. For example, the expression of ETV6-RUNX1 in mice lacking 

the gene segment encoding the tumor suppressors p16INK4a and p19ARF caused an 

enhanced leukemogenecity, as compared to mice with functional p16INK4a and 

p19ARF 362. Patients with t(12;21) often lack the second ETV6 allele363,364, and this 

loss seems to be secondary to the translocation, since newborns with the ETV6-

RUNX1fusion retains the other ETV6; twins developing 12;21+ ALL have lost 

different parts of their ETV6365, and relapses often display the exact same fusion, 

but different breakpoints for the lost ETV6, possibly indicating that the relapse 

arises from a pre-leukemic clone366-368 and suggesting that loss of the other ETV6 

allele could represent a second, and possibly transforming, hit368-370.

It is not known at what level in the hematopoietic hierarchy the ETV6-

RUNX1fusion is created, or at what level the subsequent transformation occurs. 

Available data indicates that only CD19+ cells carries the translocation and not 
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CD19  cells356,371, and it has been generally believed that a committed B cell 

progenitor is the target cell369. However, a recent study on t(12;21) modelled in 

zebrafish showed that only when the ETV6-RUNX1fusion was ubiquitously 

expressed in all hematopoietic lineages (including the HSCs) did leukemia ensue, 

but not when only lymphoid restricted cells were targeted370.

The ETV6-RUNX1 fusion is restricted to pre-B ALLs affecting children 1-10 

years of age, and is seen very rarely in infants or adults, and never in T-ALL or 

myeloid leukemias372. The impact on prognosis is somewhat controversial, but the 

translocation is generally regarded as carrying a favourable prognosis 343,373,374. The 

age incidence pattern is intriguing - why does this translocation occur only in 

utero, resulting in leukemia in only small children and almost never in adults? 

Either the cause is restricted to the environment of the developing fetus, or the 

cause, whatever it is, acts on a cell specific for fetal hematopoiesis. A recent report 

indicates that a developmentally transient hematopoietic cell actually can be the 

target of distinct pathology: children with Downs syndrome often displays a 

transient myeloproliferative disorder (TMD) around or shortly after birth, caused 

by a mutation of the transcription factor GATA1, and which in some cases can 

progress to AML. In mice embryos, the hyperproliferative effect of mutated 

GATA1 is restricted to a unique yolk sac and fetal liver megakaryocyte progenitor, 

which is not present after birth. The authors suggests that this explains the 

restriction of TMD to infants, and proposes that target cells in childhood leukemias 

in general could be distinct from those in adult leukemias375.

BCR-ABL1 (The Philadelphia chromosome) 

The reciprocal translocation of the long arms of chromosomes 9 and 22, resulting 

in a truncated chromosome 22 commonly called the Philadelphia (Ph) 

chromosome, was the first specific karyotypical abnormality consistently 

associated with a human neoplasm376-378. The t(9;22)(q34;q11) translocation gives 
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rise to a fusion between the Breakpoint cluster region (BCR) and tyrosine kinase 

Abelson murine leukemia viral oncogene homolog 1 (ABL1) genes, resulting in 

production of the constitutively activated tyrosine kinase BCR-ABL1. The 

oncogenic effect of this fusion protein results in deregulated cellular proliferation, 

decreased adherence of leukemic cells to stroma, and a reduced apoptotic response, 

and these effects are due to both compartmentalization of the fusion protein and the 

effect on different molecular pathways through its many downstream effectors379.

The normal ABL1 tyrosine kinase shuttles between the cytoplasm and nucleus, 

where it exerts apoptotic effects in the latter380,381, whereas the BCR-ABL1 is 

restricted to the cytoplasm, due to it being constitutively phosphorylated382. In fact, 

when CML cells are treated with the BCR-ABL1 tyrosine kinase inhibitor Imatinib 

the nuclear entry of BCR-ABL1 is stimulated. If the export is then blocked by 

leptomycin B, and Imatinib treatment is discontinued, the now nuclear BCR-ABL1 

reactivates and induces, rather than prevents, cell death. The tyrosine kinase 

activity of BCR-ABL1 moreover phosporylates a host of downstream targets379,

resulting in dysregulation of multiple cellular pathways383. However, the 

complexity of possible interactions between the signalling pathways has made it 

difficult to identify any key targets or pathways384.

It is unclear if t(9;22) is the first and also sufficient event for the 

transformation of normal hematopoietic cells into CML385. Although most cancers 

are generally believed to be the result of a multistep process, there is still very little 

evidence of genetic abnormalities preceding the t(9;22)331,386. It has been 

speculated that BCR-ABL1 clonal populations sometimes observed in  patients 

with BCR-ABL1+ CML in remission after treatment with the BCR-ABL1 tyrosine 

kinase inhibitor Imatinib could represent a pre-leukemic clone preceding the 

acquisition of the BCR-ABL1 fusion387, but this clone could also be treatment 

related388,389. The proposition that the acquisition of BCR-ABL1 is sufficient to 

cause leukemia is supported by murine models, in which transduction of the fusion 

gene into HSCs alone results in myeloproliferative disease390 or lymphoid 
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leukemia, which remits upon suppression of BCR-ABL1 expression391. However, 

BCR-ABL1 is found in white blood cells in 30-70% of healthy individuals, the 

majority of whom will never develop leukemia392,393. Although it is unclear 

whether the Ph chromosome is a first event in the development of CML, it is fair to 

say that it is probably a very early and necessary, but not sufficient, event with 

regard to the clinically more dramatic entities of CML blast crisis and Ph+ ALL. 

The tyrosine kinase activity of BCR-ABL1 can be inhibited by the tyrosine 

kinase inhibitor Imatinib mesylate394. This drug represents the breakthrough of 

designer drugs, since it was developed as a specific tyrosine kinase inhibitor with 

activity restricted to ABL1, C-KIT, platelet-derived growth factor (PDGF) and 

ARG. It has shown dramatic effects particularly on Philadelphia positive 

malignancies (see below under CML), but also on other cancers, such as 

gastrointestinal stromal tumor (GIST) with activated C-KIT, and 

dermatofibrosarcoma protuberans and hypereosinophilic syndrome, both involving 

activation of PDGF395.

The location of the breakpoint on BCR can vary, which together with different 

splicing options of the primary RNA results in three different fusion proteins, 

designated according to their molecular weight as P190 BCR-ABL1,  P210 BCR-

ABL1, and P230 BCR-ABL1, respectively. P210 BCR-ABL1 is found in virtually 

all cases of CML, but also in approximately 20-50% of adult Ph+ ALL396-398, and 

10-20% of pediatric Ph+ ALL399,400. The remaining Ph+ ALLs therefore have the 

shorter P190 BCR-ABL1 fusion gene, which is found as single variant only in 

ALL (but in a low frequency together with P210 BCR-ABL1 in CML401). The 

much rarer P230 BCR-ABL1 causes a distinct, indolent chronic neutrophilic 

leukemia402,403. There is a biological difference between the splice variants in that 

the tyrosine kinase activity is highest for P190 BCR-ABL1 and lowest for P230 

BCR-ABL1, with P210 BCR-ABL1 falling in between404,405, translating into a 

shorter latency for leukemic development in mice transduced with P190 BCR-

ABL1 as compared with  P210 BCR-ABL1 405.
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Chronic myeloid leukemia 

The Philadelphia chromosome was discovered in the context of CML, a disease 

shown to harbour the genetic lesion in more than 95% of the cases. The cell of 

origin in CML has for long been considered to be a multipotent hematopoietic stem 

cell. An accumulation of predominantly granulocytes, but also to varying degrees 

red blood cells and platelets, has been observed for a long time406. This observation 

has subsequently been extended by the use of different techniques to show the 

presence of clonal Ph+ cells in virtually all blood lineages407-409, indicating an 

origin in a multipotent cell. A recent report even claimed an origin in the even 

earlier common hematopoietic-endothelial precursor, the so-called 

hemangioblast410, although this finding awaits confirmation by other investigators. 

The long-term repopulating CML stem cells also display the same surface markers 

(Lineage +CD34 CD38 ) as normal HSCs411. Interestingly, these CML stem cells, 

which  initially coexist with normal HSCs, have a selective disadvantage in  

reconstituting NOD-scid  mice transplanted with BM or PB from patients with 

early phase CML412-414. The mechanisms used by the CML stem cells to gain 

clonal dominance is not clear, but might be caused by a diminished sensitivity to 

the effects of the increased levels of neutrophil elastase often seen in CML 

patients415, or by inducing apoptosis in neighbouring Ph  cells by secreting 

lipocalin416. Whatever mechanism is at play, it evidently leads to mobilization of 

normal HSCs into the circulation412,413. The CML stem cell pool seems to remain 

relatively small, and the massive expansion of myeloid cells apparently occurs 

downstream of the CML stem cell417.

CML is a disease of the elderly, with a median age at diagnosis of 60 years, 

with only very rare cases diagnosed in children, and with unknown etiology. It runs 

a biphasic course, with an initial chronic phase, during which the patient might be 

relatively symptom free, and which is characterised by an expansion of a 

functionally normal myeloid compartment. Symptoms and findings are related to 

the massive accumulation of mainly granulocytes, but also basophiles, eosinophiles 
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and platelets, which leads to hepatosplenomegaly (enlargement of the liver and 

spleen) and impaired blood flow due to hyperviscosity, which in turn might cause 

difficulties breathing, mental alterations, visual- and hearing problems and 

cyanosis. The increased metabolism caused by the excessive proliferation can lead 

to fatigue, fever, sweating and weight loss. This phase lasts from days to years, 

until it eventually transforms into a blastic phase (sometimes preceded by an 

intermediate phase called accelerated phase), which essentially equals an acute 

leukemia with differentiation block and blast cell accumulation in BM and 

peripheral blood. The chronic phase transforms into AML in approximately two 

thirds of cases, and in the remaining third into ALL. A fully developed blast crisis 

usually causes death within 3-6 months. 

The only proven curative treatment for CML is allogeneic hematopoietic stem 

cell transplantation (HSCT), but this treatment is available to only a fraction of 

patients due to either advanced age or limited donor availability379. Historically 

hydroxyurea and Interferon-  have been used for cytoreduction and prolongation 

of life, but with small or no expectations for cure418. Imatinib mesylate was made 

available in 1998, and showed dramatic response rates, including complete 

cytogenetic response in up to 65% of patients, significantly better than previous 

therapies394,419,420. It is however clear that some patients will not benefit from this 

treatment, but instead progress in their disease due to failure of the drug to inhibit 

proliferation of the BCR-ABL1+ clone. Furthermore, Imatinib may not offer a 

lasting cure, since discontinuation of therapy can lead to relapse421, even in patients 

with long-term complete molecular remissions during treatment422. One obvious 

reason for some of these failures is inherent or acquired resistance to Imatinib, due 

to mutations in the ABL-kinase domain423, amplification of BCR-ABL1424,425, or 

enhanced drug efflux426. Another intriguing reason is that the CML stem cell might 

evade the anti-leukemic effect of the drug. The eradication of differentiated 

leukemic cells concomitant with insensitivity of a select CML stem cell population 

has recently been mathematically modelled on observed treatment responses 

 68 



Leukemia

among Imatinib treated CML patients427. Although CML stem cells generally are 

spending more time in cell cycle than their normal HSC counterparts, a small 

population of Ph+ deeply quiescent cells has been identified428, which exhibit 

insensitivity to Imatinib429 and other cytotoxic drugs, possibly through resistance to 

apoptosis430. The role of quiescence per se is controversial, since a recent report 

suggest it to be directly responsible for the insensitivity to treatment431, whilst 

other studies show that by pushing these cells into cycle by administering G-CSF 

or GM-CSF, the effect of Imatinib is increased 432,433. Other reasons for these cells 

to escape therapeutic effects might be due to the effects of the drug efflux pump p-

glycoprotein426, normally highly expressed on HSCs; or because of reduced 

activity of the influx protein OCT-1434; or because little or no BCR-ABL1 mRNA 

or protein is produced in this cell compartment435,436. The latter assumption is, 

however, contradicted by observations that quiescent CML cells do express BCR-

ABL1437, and might even do it to such a high degree that pharmacological doses of 

Imatinib does not suffice to block it438.

Philadelphia chromosome-positive ALL 

Patients presenting with the features of an ALL carrying the BCR-ABL1 fusion 

gene but without a preceding chronic phase are diagnosed as having a de novo Ph+

ALL. For those carrying the P210 splice variant there are no signs or findings that 

definitely differentiates between a de novo Ph+ ALL or a CML in lymphoid blastic 

phase where the chronic phase has passed unnoticed. The shorter P190 fusion 

gene, however, indicates a de novo ALL, since this variant is exceedingly rare as 

the dominant fusion in CML439.

There is a difference in tyrosine kinase activity between P210 and P190 BCR-

ABL1404, with a 7-fold increase of P190 and 5,4-fold increase of P210 relative to 

wild type c-abl405. A biological difference in leukemogenic potential has also been 

observed, with a greater potency of P190 as compared to P210 to induce B-
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lymphoid leukemia in vitro440 405,441, and in vivo . The two splice variants seem to 

activate the same molecular targets, with the notable exception of preferential 

activation of GATA6 by P190442. Given these biological differences, it is 

interesting to note that reports on differences in clinical behaviour and outcome 

between ALLs with P190 BCR-ABL1 and P210 BCR-ABL1 have failed to provide 

consistent results396,443-445.

P190 BCR-ABL1 is more potent to induce B-lymphoid disease than P210, but 

it also induces myeloproliferative disease with the same frequency in mouse 

models as P210. So why is the P190 fusion not found more often in CML? 

Proposed reasons are the higher tyrosine kinase activity, preferential activation of 

GATA6, but also that P190 might selectively target B-cell committed progenitors. 

Mouse cells treated with 5-FU (a cytotoxic drug which preferentially kills dividing 

cells, and therefore enriches for quiescent HSCs) and then transduced with either 

P210 or P190 and injected into recipient mice give rise to a myeloproliferative 

disease with many similarities to human CML (with the important difference that 

the induced mouse disease has a very short latency and is fatal within weeks). 

However, when non-5 FU-treated cells are transduced and then injected into 

recipients, half of the recipients develop either a B-cell leukemia or a macrophage 

tumor (or a mix thereof)405. In this mouse model, therefore, it seems that both P190 

and P210 can give rise to either a CML-like disease or B-cell leukemia, depending 

on target cells. However, several attempts, using different techniques, to identify 

the initially targeted cell as a multipotent HSC or a committed pre B-cell 

progenitor in patients with P190 or P210 ALL have yielded inconsistent results446-

449

Regardless of splice variant, Philadelphia chromosome positive ALL carries a 

poor prognosis in both adults and children, with long-term survival rates ranging 

towards 40% in pediatric patients to less than 20% in adults450-453. BCR-ABL1

occurs in ALL with a frequency that increases with age, from 3-5% in children to 

25-40% in adult ALLs453-455. It has been proposed that the higher frequency of 
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BCR-ABL1 in adult ALL relative to pediatric ALL patients could be a contributing 

factor to the worse prognosis of ALL in general among adults. However, even 

among Ph+ ALLs, the prognosis is better in children, partly because children 

tolerate chemotherapy better than adults, but probably also because of inherent 

differences in the disease456 +. Ph  ALL is a heterogeneous disease, displaying very 

different outcomes depending on prognostic features in the patient399,400. For 

example, children below the age of 10 and with a white blood cell count below 

50x109/l have a relatively favourable outcome with a disease-free survival at five 

years of 50%, whereas children presenting with white blood cells in excess of 

100x109/l fare worse, with only 15% experiencing long-term survival450. Further 

supporting the heterogeneity is the weak signature of Ph+ ALL on gene expression 

profiling studies as compared to other distinct subclasses of ALL457,458.

Allogeneic stem cell transplantation has proven its greatest benefit relative to 

conventional chemotherapy in patients with Ph+ ALL (both children and adults) as 

compared to all other subgroups of acute leukemias. Treatment of pediatric Ph+ 

ALL with transplantation of stem cells from a matched related donor leads to an 

overall long-term survival of 72%, as compared with 42% after conventional 

intensive chemotherapy450, and the trend is the same for adult patients459. However, 

only 30% of patients can expect to have a matched related donor, which leaves the 

remainder with the option of a matched unrelated donor, in which case the 

outcome is significantly worse, mainly due to transplant related mortality (the 

relapse frequency, however, is the same as for related donors)459. This might 

change as the matching techniques and the supportive care gets better. Older 

patients and patients with concurrent diseases experience a dramatically increased 

transplant-related mortality, and the best treatment for them is debated. Imatinib, 

alone or in combination with other treatment modalities, have been used with good 

short term results, but with very short remission durations453. New and more 

efficient treatments are eagerly sought for these patients.
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Treatment and outcome 

The development of treatment for pediatric ALL is one of the most dramatic 

success stories in medicine in the last century. Before 1960, acute leukemia was a 

uniformly fatal disease, with death from infections or hemorrhage occurring 

usually within three months after diagnosis336. In the late 1940s, the first 

pharmacological drug with activity against leukemic cells was developed, 

aminopterin, a forerunner to methotrexate, which still is a critically important 

chemotherapeutical in treatment protocols for ALL. The decades until the late 

1960s, saw the development of combination chemotherapy, the recognition of the 

different treatment phases (induction, consolidation and maintenance treatment), 

CNS directed therapy necessary to avoid CNS relapses, and the introduction of all

drugs used in ALL protocols to this day (corticosteroids, vincristine, the 

anthracyklines, asparaginase, cyclophosphamide, cytarabine, methotrexate and 6-

mercaptopurine). But it was not until 1972 that ALL, in a landmark paper, was 

declared a curable disease460.

Treatment is usually divided into an induction phase, which aims to induce 

remission (in leukemia defined as the absence on BM smears of lymphoblasts, and 

a full recovery of normal hematopoiesis) by eradicating as many leukemic cells as 

possible during a four to six week period of cytotoxic treatment, which is 

immediately followed by consolidation of the remission by the use of different 

cytotoxic drugs as was used during induction (albeit often also incorporating 

reinduction therapy, which essentially repeats the initial treatment). Treatment ends 

with a prolonged maintenance phase, which lasts for a total of two years of 

treatment or more, and consists of orally taken methotrexate and 6-mercaptopurine. 

Modern treatment is based on risk assessment, which assign patients to three 

or four risk groups; usually standard risk, intermediate risk and high risk groups, 

and sometimes an extra high risk group. Adults are generally divided into only two 

risk groups (standard and high risk). The risk factors most often used today are age

(with 2-10 year old having the best prognosis, while the youngest, particularly 
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those <1 year, and the oldest having the worst prognosis); WBC count (the higher 

the worse prognosis); certain cytogenetic aberrations, such as Ph+ ALL and 

hypodiploidy (<45 chromosomes in the leukemic cells) conferring a poor 

prognosis, and RUNX1-ETV6+ and hyperdiploidy (>50 chromosomes) confering a 

favourable prognosis; and response to treatment, such that attaining a complete 

remission within four weeks of induction treatment is necessary for a good 

prognosis337. The assessment of treatment responses is refined by the use of flow 

cytometry or molecular methods for the sequential measurements of cytoreduction 

(minimal residual disease, MRD), which reflects the combined effects of the 

biology of the leukemic cells, host pharmacogenetics and treatment 

pharmacokinetics, and thereby predicts prognosis461. Many other risk factors have 

been identified through the years, but most have lost their predictive value due to 

increased effectiveness of the therapy, such as for example T-ALL or mature B 

ALL in children. In fact, the most predictive factor of all for prognosis is the 

treatment itself. 

Today cure rates of around 80% are achieved for pediatric ALL462-466. Adults 

still face a worse prognosis, with cure rates rarely exceeding 40%337. Suggested 

reasons for this difference in outcome are a higher incidence of high risk leukemias 

in adults, poorer tolerance of treatment, and less effective treatment regiments467.

The last point has been substantiated by several reports on young adults treated 

according to either pediatric or adult protocols, showing a better outcome when 

treated on pediatric protocols468,469, and suggestions that a greater adherence to 

treatment protocols by pediatric oncologists might influence outcome: 

“Pediatricians administer these treatments with a military precision on the basis of 

a near religious conviction about the necessity of maintaining prescribed dose and 

schedule come hell, high water, birthdays, Bastille Day, or Christmas”470.

The history of pediatric ALL may be glorious, but should also instil a certain 

admiration for the first pioneers (and their patients with families) who, during the 

early days when all children treated with the first cytotoxic drugs died, met with 
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collegial disapproval and antagonism caused by misguided protectionism of the 

children and a prevailing pessimism regarding the disease336. In spite of this, and 

aided by the willingness (and sometimes even eagerness) of patients and their 

parents to participate in research studies, they continued their efforts until cure was 

within reach, and beyond471.
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Cancer stem cells (CSCs) have attracted considerable interest recently, although 

this concept also dates a long way back. A huge body of conceptual work has been 

published in recent years regarding the impact of the “stem cell view” on cancer 

biology and treatment, and some have wryly observed that the number of reviews 

seems to outnumber original papers472.

It has been noted for long that cancers are built up of morphologically and 

functionally heterogeneous cells473-475, where only a subset of the cells seem 

capable of creating colonies in vitro476,477 478-481, or recreating new tumor in vivo .

For example, autotransplantation of cells from partially resected tumors 

(adenocarcinoma, epidermoid and sarcomas) into the anterior thigh or forearm of 

patients resulted in local growth in only 5 out of 27 individuals, and only from 

inoculums containing greater than 106 478 cells . These observations have been 

explained by the existence within the tumor of a minor subpopulation of 

CSCs476,477,480,482, endowed with the capacity of both differentiating into mitotically 

less active or inactive tumor cells, and self-renewal, allowing them to perpetuate 

the tumor, and to seed metastases to distant sites. Another formal explanation of 

the observed heterogeneity in proliferative capacity of tumor cells is proposed in 

the stochastic model, which states that the low clonogenicity could be due to a 

low but more or less evenly distributed probability of all tumor cells to enter cell 
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cycle and proliferate13,478. For a comprehensive review on the historical 

development of the cancer stem cell concept see ref483,484.

With seminal work done in the mid 1990s on AML, the stem cell model 

gained strong support. Primary AML cell populations were purified based on their 

differential cell surface expression of CD34 and CD38, and only the minor 

CD34+CD38  population was found to repopulate the leukaemia when injected into 

NOD-scid mice, whereas the other populations did not12,485. In similar ways, minor 

cancer stem cell-containing populations have been separated from significantly 

larger, non-tumorigenic cancer cell populations in brain tumors115 486, breast cancer ,

colon cancer116,117 487 488, head and neck squamous cell carcinomas , pancreas cancer ,

and prostate cancer489, and it has been suggested that most, if not all, cancers are 

driven by CSCs13. It is important, however, to acknowledge the fact that although 

the above mentioned cancer stem cell populations have been enriched for CSCs, 

the purity of self renewing cells, and therefore their actual frequency, is unknown. 

It is also highly conceivable that the NOD-scid model underestimates the number 

of cells with the capacity to perpetuate the cancer in patients, since the assay likely 

selects for only those self renewing cells which can survive in a xenogenic 

environment. For example, 50% of AML samples do not engraft NOD-scid  mice 

at all, although they obviously maintain the disease in the patients and presumably 

contain leukemic stem cells (LSCs)490, and in a mouse AML model with an 

induced myeloid oncogene (MLL-AF9), 25-30% of all leukemic cells were found 

to be self-renewing491.

Inherent in the cancer stem cell theory is the notion of a hierarchy of cells, 

with CSCs at the top and mature cells at the bottom, and most in vivo studies 

mentioned above report on a more mature, and often diversified, progeny, 

mimicking the original tumor. It has even been reported on a hierarchy within the 

leukemic stem cell population, similar to the normal HSC compartment, with 

varying degrees of self renewal 492.
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“Cell of origin”

The observation of cellular hierarchies in tumors with self renewing cells at the top 

suggests an analogy between normal stem cells in tissue formation and CSCs in 

tumor formation. The observed similarities in stem cell function, together with the 

candidate stem cell phenotype (CD34+CD38 ) of AML12 and Ph+ ALL493 LSC, and 

clonal involvement of CD34+CD38  cells in common pediatric ALL494, could 

suggest that a normal HSC is the target for malignant transformation13,495. Two 

theoretical considerations further support this notion: first, a long-lived HSC might 

be a more probable target for the multiple genetic events believed necessary to 

subvert a normal cell into a cancer cell than short lived progenitors; and second, it 

might be simpler to transform an already self-renewing stem cell, than to turn the 

self renewal machinery on again in a progenitor 13. An origin in a multipotent HSC 

has indeed been shown for chronic phase CML407-409 and subtypes of the pre-

leukemic condition myelodysplastic syndrome (MDS) 496,497, by identifying disease 

specific genetic markers in several or all different blood lineages. However, both 

these diseases are characterized by a global hematopoietic affliction – how would 

one reconcile the usually narrow lineage restriction of an AML or ALL with a 

transformed multipotent cell? It has been suggested that the transforming event 

itself might block differentiation into all other lineages13,495, or it could conceivably 

also support a specific lineage, which would out compete rivalling lineages. A 

third proposed option is that transformation occurs in a lineage biased HSC (which 

also would suggest an explanation for the higher incidence of AML in elderly 

people)187,498-500. Another way of reconciling both a HSC origin and a uni-lineage 

disease is if the first initiating event occurs in a normal HSC, creating a “pre-

leukemic” clone, but the transforming event targets a committed progenitor of the 

affected lineage. Data suggested to support this model has been reported on CML 

in myeloid blast crisis, were the clonal counterpart of a normally non-self renewing 

progenitor, the GMP, was endowed with self renewal capacity501. Here it is 
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important to make a distinction between the “cell of origin”, the target of the first 

hit, and the leukemic stem cell, which has the capacity to repopulate the leukemia 

and thus act as a stem cell, but which is derived from a committed progenitor19.

Several recent and conceptually important reports on leukemic mouse models 

indicate that it is possible to create LSCs from committed progenitors. The 

transduction of oncogenic fusion genes like MLL-ENL, MOZ-TIF2 or MLL-AF9 

(all described in the context of human AMLs) into prospectively purified HSCs or 

committed progenitor fractions (CMP, GMP and MEP) have shown that all of 

these progenitor fractions except MEP can be transformed into transplantable 

myeloid leukemias, with similar morphology and phenotype regardless of which 

progenitor or HSC population was transduced initially502-504. In leukemias derived 

from MLL-AF9 transduced GMPs, the leukemic stem cells was found to be 

enriched in a fraction of cells with a GMP-like phenotype. These cells were found 

by comparative gene expression analysis to be highly similar to normal GMPs, 

except for a few hundred genes whose expression pattern was shared exclusively 

with HSCs, and which therefore was hypothesized to represent a leukemia self-

renewal-associated signature504.

A final hypothesis for the origin of malignant clones is the fusion of a HSC 

and a progenitor cell, where one of them is normal and the other partially 

transformed, and were the fusion contributes to the full malignant potential. There 

are, however, hardly any data supporting this sequence of events505,506.

In conclusion, the hierarchical level at which the “cell of origin” or the cancer 

stem cell are recruited in human cancers is still mostly elusive. All we know is that 

the “cell of origin” in CML and MDS is a HSC (allthough clonal T cells have 

rarely been demonstrated, and therefore a HSC origin is strictly not proven in most 

of these cases), and that most pediatric ALLs are initiated in (and therefore also 

driven by) lymphoid committed progenitors (article I in this thesis); the answer to 

the origin of all other cancers lies ahead of us. 

 78 



Leukemic stem cells 

Clinical relevance  

The major foreseeable impact the cancer stem cell concept will have on the clinical 

care of cancer patients is probably the realisation that from a treatment perspective 

only a minority  of the tumor cells have a consequence for cure (while without 

treatment it is the sheer number of all the other tumor cells which will kill the 

patient). For the ultimate cure CSCs must be eradicated – all other tumor cells, 

with limited long term capacity to proliferate, will eventually disappear if their 

source is removed507. Today, in clinical trials evaluating new drugs, the principle is 

rather to look at the effect on the bulk tumor, which might shrink and even 

disappear if the patient enters remission, but is often followed by recurrence of the 

tumor sooner or later.  

By applying a stem cell perspective on cancer, several similarities between 

normal stem cells and CSCs have been revealed, as described in the previous 

section. Further characteristics of normal stem cells found in their malignant 

counterparts are relative quiescence, expression of efflux proteins on the cell 

membrane and resistance to apoptosis507-510. Since many currently used cytotoxic 

drugs are both cell cycle-phase specific and substrates for any of the several efflux 

proteins expressed by LSCs they are expected to have an inferior effect on the 

primitive tumor population as compared to the bulk of the disease 511,512. In 

pediatric ALL, a hierarchy of sensitive cells is obvious, with a dramatic reduction 

of leukemic blasts during the first few weeks of treatment, but with often minimal 

clones (not even detectable by high sensitivity PCR) needing several additional 

cytotoxic drugs for a very extended period of time (years) to be eradicated. The 

least sensitive cells are the ones giving rise to relapse if treatment is insufficient, 

which can occur several years later and thus possibly indicates a certain self 

renewal capability. 

 The many similarities between normal and malignant stem cells (regardless 

of the origin of the later) could raise concerns of how to design treatments that kills 
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only the latter and not the former (which brings the matter to a more relevant level 

as compared to most contemporary treatment modalities which unspecifically aims 

at killing as many malignant cells as possible while keeping collateral damage to 

normal tissues within tolerable limits). As important as the similarities with normal 

stem cells might be, the major impact for patients might arise from the differences. 

AML stem cells share the CD34+CD38  phenotype with normal stem cells, but 

differs with respect to other markers, such as c-kit (expressed on HSCs but not on 

LSCs)513, IL-3R  (expressed on LSCs but not on HSCs)514 and SP phenotype 

(were SP+ +CD34 CD38  cells from AML samples are enriched for normal stem- 

and progenitors)515. These differentially expressed markers might be useful for 

graft selection in an autologous stem cell transplantation setting, but their 

relevance for leukemic stem cell function is uncertain, and they will probably not 

constitute good targets for drug intervention. The search for pharmacological 

targets has directed much focus on molecular pathways involved in normal stem 

cell functions, particularly self renewal. Several of these pathways are known to be 

relevant for cancer, such as the wnt- and sonic hedgehog pathways516, but no 

mutations within these pathways have been reported in leukemias517. The wnt/ -

catenin pathway might still be important for acute leukemias through other 

mechanisms 518,519, such as a constitutively expressed wnt-16 induced by the 

t(1;19) E2A-PBX1 fusion in pre-B ALL (although the role, if any, of wnt-16 in this 

disease awaits clarification), and epigenetical downregulation of wnt-inhibitors in 

ALL520. Bmi-1 and several Hox genes are also implicated in self renewal of both 

normal and malignant stem cells202,504. Another subverted stem cell function in 

cancer, perhaps most relevant for epithelial tumors, was revealed in drosophila,

where  induced mutations of several genes responsible for asymmetric divisions 

led to tumor development, presumably by disrupting the control of self renewal521.

The corollary of this finding, the loss of cell polarity, is a common feature of all 

epithelial cancers522.
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Experimental proof-of-principle that LSCs can be selectively eradicated while 

sparing the normal HSCs is shown by the selective up-regulation and dependence 

of nuclear factor B (NF- B) in LSCs. By blocking NF- B with a proteasome 

inhibitor, and concomitantly administering a cytotoxic anthracykline (idarubicin), 

which normally induces expression of NF- B as a survival mechanism, LSCs were 

killed while normal HSCs were mainly unaffected523. The phosphatase and tensin 

homologue (PTEN), which negatively regulates proliferation and survival through 

regulation of the PI(3)K pathway, is commonly inactivated in cancers, including 

leukemias, and seems to contribute to the malignant phenotype. When blocked by 

rapamycin, a selective effect on LSCs is seen524. Finally, Parthenolide, a naturally 

occurring small molecule, has also been reported to act specifically on LSCs, 

presumably by triggering LSC-specific apoptotis525,526.

The possibility to selectively kill CSCs is also evident from the clinic. A 

majority of children with ALL are cured by chemotherapy, which obviously spares 

their normal HSCs; and a significant fraction of patients with testicular germ cell 

cancer cured by chemotherapy has enough remaining spermatogonial stem cells to 

remain fertile527.

The analogy between normal and CSCs might be very instructive, but should 

perhaps not be drawn too far. Proof of CSCs is still limited to a relatively small 

number of cancers, and the strength of the evidence is further limited by the 

surrogate assays available for human stem cells. As already mentioned, the “golden 

standard” stem cell assay, the long term engraftment in immunocompromized 

mice, detects cells with long term repopulation capability, but also inevitably 

selects for only those cells capable of surviving without human-specific cues, 

which likely underestimates the true frequencies of the cells of interest. Given 

these caveats, the field of cancer stem cell biology might still offer surprises, and 

constitutes an exciting research area for anyone with an open mind. 
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Article I 

The recent breakthroughs in the identification of CSCs in general115,486, and LSCs 

in particular12, have inspired a conceptual framework for cancer stem cell biology 
13,507,528,529. The theory suggests that LSCs, like their normal counterparts, could be 

more resistant to therapy as compared to the major bulk of tumor cells, which 

could explain clonotypic relapses from a state of attained remission. The 

phenotype of AML stem cells is suggesting a close relationship with normal 

HSC12, and the fact that myeloid progenitors are short lived and therefore are 

unlikely candidates for the multiple genetic hits necessary for transformation 

further suggests a stem cell origin of AML13. In ALL, the picture is less clear. It 

has been proposed that ALL derives from committed B cell progenitors361, but 

recent reports of clonal involvement of CD34+CD38  ALL cells instead implicates 

a HSC origin493,494.

We reasoned, as others have done before us530, that if there are leukemias 

arising from cells at different levels of maturation, the more immature origin might 

confer a greater resistance to treatment and thus assignment to a higher risk group 

than would be the case if a more mature cell is targeted for transformation. We 

therefore focused on two distinct subgroups of ALL with markedly different 

prognosis, pediatric ALLs characterized by the RUNX1-ETV6 fusion which 

generally is associated with a favourable outcome, and BCR-ABL1+ ALL, which 
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carries a very poor prognosis in both children and adults. We hypothesized that 

RUNX1-ETV6+ ALL might arise from a committed B cell progenitor, while BCR-

ABL1+ ALL (similar to CML) might arise from the HSC compartment. 

In patients with the RUNX1-ETV6 fusion we found an enlarged CD34+CD38

candidate HSC pool as compared to healthy individuals, containing approximately 

90% t(12;21)+ 494 cells, in line with previous reports . However, this population 

could be subdivided into a greater (~90% of the cells) CD19+ and a smaller (~10%) 

CD19  fraction. The former population was found in all patients to be virtually 

enriched in leukemic cells, which was not so surprising given the aberrant 

phenotype (CD38 is expressed on all CD34+ +CD19  cells in normal BM), whereas 

the latter, strikingly, represented a purified normal CD34+CD38 CD19 RUNX1-

ETV6  HSC compartment in most patients. LTC-IC activity in the 

CD34+CD38 +CD19  population was found to be comparable to CD34 CD38  cells 

from healthy volunteers, whereas it was absent in CD34+CD38 +CD19  and 

CD34+CD38+ +CD19  ALL cells, as would be expected of lymphoid committed cells 

in this myeloid biased assay. To test if the self renewing t(12;21) LSCs were 

uncommitted, HSC-like cells or committed towards the B cell lineage, we sorted 

CD19+ and CD19  cells from diagnostic BM samples (based on data implicating 

this marker to identify cells locked unto the B cell fate225,226,229) and injected them 

into NOD-scid mice. All mice injected with CD19+ cells engrafted with ALL, 

whereas CD19  cells only engrafted with normal, multilineage, RUNX1-ETV6

cells. These findings indicates that the normal HSC compartment in t(12;21) ALLs 

remains unaffected as to size, phenotype, clonal involvement and function, and that 

the leukemic clone, including the LSCs, is restricted to the B cell committed 

CD19+ fraction. 
+When we subsequently turned our attention to BCR-ABL1  ALLs, we had to 

acknowledge the fact that this disease is characterized by two different splicing 

variants of the fusion protein; P190 BCR-ABL1 which is found in ALL, and P210 

BCR-ABL1 which is found in almost all cases of CML, and in 10-50% (depending 
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on age) of ALLs. Regarding the latter variant there is an unavoidable issue of 

whether the disease is truly a de novo ALL, or rather a CML in lymphoid blast 

crisis, where the chronic phase has passed unnoticed. No clinical, biological or 

genotypical data can with certainty, to our knowledge, distinguish the two, and we 

therefore relied on the clinical diagnosis of de novo P210 BCR-ABL1 ALL in 

those cases. When we investigated diagnostic samples from these two entities in 

similar ways as we had for t(12;21) ALLs, we found a striking difference between 

the two. P190 BCR-ABL1 ALLs unexpectedly turned out almost identical to 

t(12;21) ALLs, whereas P210 BCR-ABL1 ALLs displayed a (often massive) 

clonal involvement of the CD34+CD38 CD19  population, with undetectable LTC-

IC activity (although the significance of this is hampered by the increased size of 

the population, making the relative contribution of any remaining HSC smaller), 

suggesting competition within the uncommitted stem cell compartment of clonal 

cells. To further investigate whether the LSCs in P210 BCR-ABL1 ALL originate 

from an uncommitted, multipotent progenitor we analyzed the BM samples for 

multilineage involvement by sorting CD34+CD33+ myeloid progenitors and 

analysing them by FISH for clonality. In all P210 BCR-ABL1 ALLs the myeloid 

compartment was involved, whereas in no RUNX1-ETV6 or P190 BCR-ABL1 

ALL samples were translocation-positive myeloid cells (above the cut off level for 

FISH) detected. Together these findings are strongly indicating a multipotent HSC 

origin for P210 BCR-ABL1, but a committed progenitor origin for P190 BCR-

ABL1 and RUNX1-ETV6 ALLs. With regard to our initial hypothesis, that a more 

immature origin would implicate a worse prognosis, the difference between P190 

and P210 was surprising, given the similarity in clinical outcome between the two 

entities.

Transplantation of CD19+ and CD19  cells from P190 BCR-ABL1 ALLs into 

NOD-scid mice revealed the same engraftment pattern as t(12;21) ALLs, with 

leukemic engraftment from CD19+ cells and normal, BCR-ABL1  engraftment 

from CD19  cells. Unexpectedly P210 BCR-ABL1 CD19  cells also gave normal 
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engraftment in all investigated cases, even after serial transplantations in order to 

assay any deeply quiescent LSCs. Clearly, the dominating LSC activity is confined 

to the CD19+ fraction, but rare LSCs, also in the CD19  fraction can not be 

excluded. They might escape detection due to extreme rarity, paracrine 

dependency of similar immature cells which become too diluted in the mice, 

competitive disadvantage vis-à-vis the co-injected normal HSCs, or deficient 

homing capability. The finding of clonal involvement of both phenotypical CD19

cells and myeloid progeny in P210 ALLs together with the seemingly committed 

nature of the LSC (always CD19+) could indicate the co-existence of a pre-

leukemic, non-committed and thus multipotent (and possibly poorly engraftable) 

clone and a CD19+ B cell committed transformed clone. This would in theory be in 

accordance with a recent report of CML in myeloid blast crisis, were purified 

committed myeloid cells had acquired self-renewal capacity501, and could thus 

suggest that our patients diagnosed as de novo ALLs in fact were CMLs in 

lymphoid blast crisis, with myeloid Ph+ cells produced from a remaining chronic 

phase LSC. It is, however, interesting to note that in three individual samples of 

CML in lymphoid blast crisis both CD19+ and CD19  cells gave rise to ALL in the 

recipient mice (unpublished observation, AC, SEJ, and Anna Lübking), indicating 

a significant biological difference between CML in lymphoid blast crisis and de

novo P210 ALL.

Whith regard to ALLs with the RUNX1-ETV6 or P190 BCR-ABL1 fusions, 

we conclude that the LSC seems to be a committed progenitor, and not a 

multipotent HSC-like cell. We base this assumption on the expression of CD19 on 

the LSCs, the lack of myeloid potential of the clonal cells, and the unaffected 

normal HSC compartment. CD19 is, in our view, a particularly suitable marker for 

detecting committed B-cells, including the earliest progenitors (but excluding the 

plasma cells), for reasons explained above. However, it needs to be acknowledged 

that CD19 under certain conditions can be expressed on cells not belonging to the 

B-cell lineage, such as on a few percent of AML cells531,532, and the formal 
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possibility therefore remains, that within the CD19+ ALL population uncommitted 

clonal cells, with aberrant CD19 expression, might reside. It should also be noted, 

that it is practically impossible to exclude the possibility of extremely rare clonal 

CD19  cells, below the detection of FACS purification and FISH cut-off levels, 

unless a huge number of leukemic cells are investigated. 

The question of the identity of “the cell of origin” for the pediatric leukemias 

can not be definitely answered from our work, and might be very difficult to 

answer at all. It is, as stated above, possible that the t(12;21) or P190 BCR-ABL1 

clones might contain very rare CD19  cells, perhaps representing pre-leukemic 

cells, or that such cells are only transient, due to the need for further genetic “hits” 

in order to be sustained, or because they are outcompeted by their transformed 

progeny. It has been observed that in otherwise healthy babies with  t(12;21)+ pre-

leukemic cells detected shortly after birth, these cells have a CD19+ phenotype356;

but again, the existence of very rare CD19  cells cannot be excluded. Another 

interesting question in this context is; why are RUNX1-ETV6 ALL (and other ALL 

subtypes more or less restricted to childhood) hardly ever seen in adults? One 

explanation could be that the postulated cause for the secondary hits, the mismatch 

between immunological development and postnatal infections, is age specific322.

But the question remains if the genetic event causing the pre-leukemic clone also is 

restricted to childhood, and if so, why? Perhaps the initiating event targets only 

developmentally transient cell populations, as has been suggested in the case of 

transient myeloproliferative disease in children with Down syndrome375. One 

potential candidate cell population in the lymphoid lineage, which seems to have a 

largely prenatal origin, could be the so called B-1 cells, a rare population of B-

lymphocytes with restricted immunoglobulin repertoire and mainly T-cell 

independent responses as compared to conventional (B-2) B lymphocytes533. The 

existence and characteristics of this cell population in humans, however, awaits 

further clarification.
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For P210 BCR-ABL1-positive ALLs, on the other hand, it seems reasonable 

to assume that the “cell of origin” is a multipotent stem cell, given the finding of 

myelo-lymphoid potential whithin the leukemic population, and assuming that this 

multipotent cell is downstream of the originating clone. 

We conclude that:

ALLs with RUNX1-ETV6 and P190 BCR-ABL1 fusions are maintained by  

CD19+ B cell-committed LSCs, leaving the remaining normal HSC pool intact 

with regard to size, phenotype, genotype and function. 

ALL with P210 BCR-ABL1 fusion originates in a multipotent progenitor/stem 

cell, but might be maintained by a committed progenitor. 

Future directions:

We have in our paper speculated that the small CD34+ +CD38 CD19

population found in ALLs with RUNX1-ETV6 or P190 BCR-ABL1 fusions might 

represent the LSCs, due to phenotypical similarity to normal HSC and its small 

size. It is, however, important to acknowledge that we have no data supporting that 

hypothesis, or any data separating LSCs from the bulk of leukemic cells.  

In subsequent attempts to identify the LSC in ALL, guided by our own 

hypothesis and the results of others indicating that the LSC might be restricted to 

cells with the candidate HSC phenotype CD34+CD38 493, we have unexpectedly 

found that the expression of CD38 do not aid in demarcating the LSCs in most 

samples, since LSCs can be found in both CD38+ and CD38  populations, with a 

dominating LSC activity in the CD38+ fraction in most cases. 
+ + +By comparing the global gene expression profiles of the CD34 CD38 CD19

and CD34+ +CD38 CD19  ALL fractions, a small but significant difference are 
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+noted. The data suggests that the CD34 CD38 CD19+ fraction might be the more 

immature of the two, since it displays a reduced expression of cell cycle regulating 

genes as compared to the CD38+ fraction. Moreover, using principal components 

analysis (PCA), where similarities between normal and malignant cells can be 

investigated, we observe that the CD34+ +CD38 CD19  population displays an 

expression pattern consistent with its pre B cell phenotype, but still slightly closer 

to the HSC cluster than the CD34+ + +CD38 CD19  fraction. An obvious limitation of 

these analyses is that the true frequency of LSCs in the two fractions is not known, 

and might be so small that the differences in gene expression levels rather reflects 

the differences between non-tumorigenic blast populations contained within the 

CD34+CD38+ +CD19  and CD34+ +CD38 CD19  fractions. However, there are in 

vitro data indicating a high frequency of LSCs in ALL534. We have further found 

another stem cell marker, CD90 (Thy-1), incapable of discriminating between 

LSCs and non-tumorigenic blasts (unpublished observation, AC and SEJ), which 

together with the same findings for CD38 could suggest that ALL LSCs might be 

rather prevalent within the blast population, and not possible to confine by any 

particular marker expression. 

We also have preliminary data indicating the existence of distinct clones, 

based on specific immunoglobulin rearrangemt patterns, within the 

CD34+CD38+ +CD19  and CD34+ +CD38 CD19  ALL fractions, indicating distinct 

clonal LSCs. We are in the process of investigating if these distinct clones remain 

restricted to the population of origin upon reconstitution in NOD/scid mice, which 

formally would prove the existence of distinct LSCs, possibly hierachically 

organized within the leukemic population. 

We have further turned our attention to CML in lymphoid blast crisis, as a 

model disease with a known origin in a multipotent HSC, to investigate at which 

level the transformation to blast crisis occurs, and thereby the identity of the LSC 

in this disease. As mentioned above, we have transplanted CD19+ and CD19

CML/blast crisis cells into NOD/scid mice, and found that both fractions 
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reconstitute the same ALL-like diseae in mice (in striking contrast to all 

investigated ALL samples, including all P210s, where only CD19+ cells 

reconstitute leukemia). Interestingly, when investigating the expression of several 

myeloid and lymphoid genes in purified CD34+ +CD38 CD19  and 

CD34+CD38 CD19  CML cells, we find that the CD19  fraction lacks expression 

of lymphoid genes but do express myeloid genes (as also normal HSCs do), while 

the CD19+ cells, as expected, do express lymphoid genes, and none to low levels of 

myeloid genes. Together, these data indicates that whitin the same individual (at 

least) two quite distinct populations of cells, one B cell-committed and one 

uncommitted, can give rise to phenotypically identical disease in the mice. 

Possibly there is a spectrum of cells, traversing from uncommitted to committed, 

whith the capacity to self renew and thus act as LSCs. This would add to the 

recently proposed model of acquired self renewal capacity within a committed cell 

population in CML in blast crisis501, the possibility that self renewal is not acquired 

again in the progenitor, but never lost in the first place, as the most immature, 

uncommitted, HSC-like LSC differentiates into a more mature, committed cell 

type.

We want to further corroborate the maturational difference between the 

CD19+ and CD19  fractions by investigating in more detail any differences in 

lineage potential (we have, for example, observed a small myeloid, clonal 

population in mice reconstituted by CD19 + cells, but not from CD19 ), and 

possible differences in sensitivity towards Imatinib. 
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Article II 

Modern treatment of pediatric ALL leads to cure rates around 80%, and slightly 

higher is predicted for the near future337. These cure rates are achieved by more or 

less different international protocols, and it is generally assumed that cure rates 

might not increase much more only from intensifications or modifications of 

existing therapies, but new modalities, based on knowledge of the biology and 

molecular wiring of leukemic cells, needs to be developed. All children treated on 

contemporary protocols receive at least 2 years of continuous multidrug 

chemotherapy461, although as many as two thirds may be cured with only 12 

months of treatment535, and a few percent with perhaps only a few weeks of single 

drug treatment471 - the problem being that this group can not reliably be identified 

prospectively. Global gene expression analysis has emerged in recent years as a 

potentially very powerful tool to address these issues. The technology has already 

been applied to identify known genetic and phenotypic subtypes of ALL457,536-539,

and hopes are that new subtypes might be identified, allowing for a more specific 

and accurate risk group assessment, which will prospectively identify the group of 

children with excellent prognosis needing less intense treatment, as well as the 

group of patients who relapses in spite of often displaying classical low risk 

characteristics, such as age between 1 and 10 years and a low white blood cell 

count. Furthermore, microarray technology has been deployed to elucidate the 

molecular basis of drug responsiveness, in an effort to understand the cause of the 

20% treatment failures. Hopes are that increased molecular understanding will 

generate new therapeutic targets for these unfortunate children.  

However, to realize this, it seems pertinent that the cells to be studied should 

be the leukemic blasts, as uncontaminated by residual normal cells as possible.  In 

order to achieve this a FACS strategy was developed, which identifies CD19+ pre-

B cells lacking immunoglobulin (detected by antibodies against the IgL) on the 
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cells surface, and which purifies pre-B ALL cells to a high degree (mean 99 ± 

1,3%), as assessed by FISH on sorted populations. 

ALL is generally thought to have its origin in a hematopoietic cell within the 

BM, but can often, to varying degrees, be found in the circulation or in other 

organs, like lymph nodes, spleen, liver and kidneys. Since blood is a more 

accessible tissue than BM, we wanted to compare the leukemic blasts from either 

source in order to evaluate if blood-derived leukemic blasts can substitute for their 

BM-derived counterparts in gene expression analysis experiments. We thus sorted 

phenotypically identical CD19+IgL  pre-B ALL cells from blood and BM samples 

from patients (n=3) and performed microarray analysis, which revealed a striking 

similarity between blood and BM derived ALL cells (although the differences 

between the patients were significant). The only notable exception was VEGF, 

which consistently was expressed higher in BM than in blood. The most probable 

reason for this might be that the relative hypoxia in the BM induces VEGF 

transcription through hypoxia-inducible factor 1 (HIF-1)540, but alternative 

explanations, such as a greater dependence of BM derived pre B ALL cells of 

VEGF, can not be excluded. 

We conclude that: 

The majority of pre-B ALL cells (including the LSCs according to article I) 

can be prospectively purified by the phenotype CD19+IgL .

Pre-B ALL cells harvested from BM and blood are very similar, indicating 

that either source should yield valid gene expression data, whether for MRD 

analyses or biological studies.

Future directions: 

One obvious experiment we are planning to do is to compare VEGF expression in 

normal CD19+IgL  pre-B cells harvested from BM and blood in healthy donors, to 
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see if the differential expression of this gene in the two compartments found in 

ALL patients is reflected in healthy individuals. Since we feel that the most 

relevant comparison would be with age matched controls, the experiment is 

awaiting the accruement of samples from children, where BM aspiration is done 

but found not to be diagnostic for malignancy. 

Further, we unexpectedly found a significant proportion of clonal CD19+IgL+

immature B cells from two patients. This finding was unexpected, since the disease 

overall has a pre B cell phenotype, and the reasons for a subset of leukemic cells to 

mature beyond that stage is not obvious. Can all leukemic cells reach this stage, 

but few do because of apoptosis, or can only a few do this, representing a certain 

“leakiness” of the differentiation block? We have preliminary data indicating that 

some leukemic cells from one of the above mentioned patients can mature even 

further into CD19+IgL+IgD+ mature B-cells, suggesting a complete release from 

the pre B cell block (or escape from apoptotic signals).  

One interesting experiment would be to sort CD19+IgL +, CD19 IgL+IgD , and 

CD19+IgL+IgD+ cells from the same patient and inject into NOD/scid mice, to 

investigate the possibility of LSC activity in several of these distinct maturational 

stages. In case self renewal capacity would be found to span two or all three stages, 

it would reinforce our hypothesis that ALL is not driven by one homogeneous 

population of LSCs, but several.
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Våra kroppar består av ett mycket stort antal celler, varav en del sällan eller aldrig 

behöver bytas ut efter att en gång ha bildats (till exempel nervceller, 

hjärtmuskelceller och äggen i kvinnans äggstockar), medan andra har en mycket 

kort livstid och ständigt måste ersättas (till exempel cellerna i tarmslemhinnan som 

byts ut var 5-7 dag, och flertalet blodceller, varav en del existerar bara några 

timmar). För vävnader med snabb celldelning måste det finnas celler – stamceller - 

som kan dela sig men inte mogna ut och försvinna. Två egenskaper karakteriserar 

en stamcell; 1) den kan självförnya sig, dvs vid celldelning producera minst en 

dottercell som också är en stamcell och som inte mognar ut till en kortlivad, mogen 

cell, och 2) den kan bilda ett flertal mogna celltyper, så som till exempel 

blodstamcellen kan bilda alla olika typer av blodkroppar. Med denna definition kan 

man identifiera flera olika sorters stamceller, som till exempel embryonala 

stamceller, vilka är mycket omogna celler som existerar bara en kort tid under tidig 

embryonal fas och som har förmågan att bilda alla celler som finns i en kropp; ett 

annat exempel är blodstamceller, som finns under hela vår levnad och som 

producerar våra blodceller. 

Stamceller har, trots att de varit kända sedan åtminstone 50 år, rönt mycket 

publicitet under de senaste åren, på grund av ett flertal spektakulära framsteg. Till 

exempel har man lärt sig att odla embryonala stamceller från mänskliga foster, 

vilket i sin förlängning kan innebära ett outtömligt förråd av celler som kan 
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användas för att ersätta förlorade eller sjuka celler hos patienter med till exempel 

diabetes, parkinsons sjukdom eller hjärtsvikt efter infarkt. Man har också insett att 

stamceller finns inte bara i vävnader med livlig cellomsättning, som blod och 

tarmslemhinna, utan också i organ som man trott var färdigbildade och utan 

cellnybildning vid eller strax efter födelsen, som till exempel nervsystemet och 

hjärtmuskeln. Man har dessutom sett att flera tumörer (till exempel vissa typer av 

leukemier, hjärntumörer, bröstcancer och tjocktarmscancer) drivs av ett fåtal 

cancerstamceller, som likt normala stamceller bildar ett stort antal mer mogna 

celler som inte kan självförnya sig och därför så småningom försvinner. Dessa 

cancerstamceller är därför i grunden det som driver en tumörsjukdom, och som 

måste behandlas bort. Det finns flera anledningar till att cancerstamceller kan vara 

svårare att behandla bort med cellgifter än mer ”mogna” tumörceller, men det är 

inte möjligt att bedöma behandlingseffekten på dem så länge vi inte vet hur de ser 

ut och kan studera dem. Vi vet inte heller i vilken mån en cancerstamcell liknar 

(och kanske rentav är bildade från) sin normala motsvarighet – vilket är viktig 

kunskap då vi med nya läkemedel inte vill riskera att skada eller förlora de normala 

stamcellerna.  

Arbetena i den här boken bygger på studier av Akut Lymfatisk Leukemi 

(ALL, blodcancer som drabbar celler i det lymfatiska immunsystemet), vilket utgör 

ca 25% av all cancer hos barn, och är därmed den enskilt vanligaste 

cancerdiagnosen hos individer under 18 år. Hos vuxna utgör ALL däremot mindre 

än 1% av all cancer, och överskuggas framförallt av solida tumörer, men också av 

andra, framförallt kroniska, leukemiformer. I det första arbetet har vi försökt 

utröna i vilken typ av cell ALL uppstår – en normal blodstamcell eller en mer 

mogen cell som förlorat möjligheten att bilda några andra typer av celler än just 

lymfatiska – och därmed vad typ av cell som driver sjukdomen. Vi har undersökt 

två olika typer av ALL; en form som ses i princip bara hos barn och som har en 

generellt god prognos med modern behandling; och en svårare form, karakteriserad 

av förekomsten av en så kallad Philadephia-kromosom (Ph+; en sammanslagning 
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av två kromosomer, där själva brottpunkten mellan dem bildar ett nytt protein, sk 

fusionsprotein, som antas vara viktigt för sjukdomen) i de sjuka cellerna, och som 

ses hos barn men framförallt hos vuxna. Vid den första, lindrigare varianten fann vi 

att ursprungscellen (och därmed också cancerstamcellen) inte var en normal 

stamcell, utan en mer mogen lymfatisk cell. Vid Ph+ ALL däremot fann vi 

överraskande att sjukdomen kunde starta i antingen en stamcell eller en lymfatisk 

cell, beroende på hur fusionsproteinet såg ut. Det är känt sedan länge att det finns 

två varianter av detta fusionsprotein, men man har hittils inte kunnat påvisa någon 

signifikant skillnad med avseende på sjukdomsförlopp, behandlingssvar eller 

prognos mellan dem. Vi fann nu att den form som är vanligast hos vuxna bidrar till 

en leukemi som startar i en normal stamcell, medan den form som är vanligast hos 

barn startar i en lymfatisk cell. Denna skillnad är stor ur biologisk synvinkel, och 

kan också ha klinisk konsekvens, då en mer ”stamcellslik” ursprungscell av 

teoretiska skäl kan antas vara mer svårbehandlad (eller i varje fall kräva annan 

behandling) än en mogen cell. Vi fann också att den normala 

blodstamcellspopulationen var helt bevarad vid ”barnformerna” av ALL, men 

verkade reducerad vid ”vuxenformerna” (även om det senare var svårare att 

fastställa med säkerhet). 

I det andra arbetet ville vi undersöka om leukemiska celler i benmärgen och i 

cirkulationen utgör samma typ av celler. Leukemi drabbar ursprungligen en 

omogen cell i benmärgen, som delar sig och efterhand fyller ut det begränsade 

utrymmet och därmed tränger undan de normala blodbildande cellerna. Den 

tilltagande förlusten av de olika blodkropparna orsakar i sin tur de symtom 

patienten får i form av blodbrist, blödningar och infektioner. Hos många patienter 

hittar man också varierande mängder leukemiska celler i blodet. Det är inte givet 

att dessa celler är desamma som dem man hittar i benmärgen – i den mån 

leukemiska celler fortfarande har något gemensamt med normala lymfatiska celler 

skulle man kunna tänka sig att de cirkulerande är mer mogna, eller i varje fall inte 

beroende av benmärgsmiljön för sin utveckling och överlevnad. För att kunna göra 
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denna jämförelse så precis som möjligt utvecklade vi först ett sätt att anrika de 

leukemiska cellerna, för att bli av med de varierande mängder av normala celler 

som finns i både benmärg och framförallt i blod, och som möjligen skulle kunna 

påverka vår analys. Efter anrikning jämförde vi så de båda populationerna med en 

teknik som kallas microarray, varvid det relativa uttrycket av ett mycket stort antal 

gener i cellerna undersöks, och där resultatet ger en mycket detaljerad bild av 

cellens funktionella identitet. Vi fann en mycket hög grad av likhet mellan de 

leukemiska celler som tagits från benmärg och de som tagits genom vanligt 

blodprov. Detta arbete ger således både en metodbeskrivning för hur man kan göra 

denna typ av jämförelser, samt indikerar att man lika gärna kan undersöka de 

betydligt mer lättåtkomliga leukemiska cellerna som cirkulerar i blodet, snarare än 

de som finns i benmärgen (och som i allmänhet fordrar narkos hos barn för att 

komma åt), för att fastställa till exempel behandlingseffekt, eller för fortsatta 

experiment för att lära mer om de cellulära mekanismerna vid sjukdomen. 

Kvarstår gör frågan om ALL-stamcellens identitet och om den går att 

identifiera skild från mer mogna leukemiska celler. Vi har preliminära data som 

indikerar att det inte rör sig om en typ av leukemiska stamceller utan flera, i en och 

samma patient. Det är till och med möjligt att vid just ALL de flesta eller rentav 

alla leukemiska celler kan agera stamceller och vidmakthålla sjukdomen, till 

skillnad från vad som verkar vara fallet vid flera andra tumörformer. Frågan om 

detta i så fall är goda eller dåliga nyheter för patienter med ALL är i princip redan 

besvarad – drygt 80% av barnen med sjukdomen botas idag, vilket är 

överlevnadssiffror de hittils identifierade stamcellsdrivna tumörformerna inte ens 

kommer i närheten av. Dock återstår de 20% som inte går att rädda, och de utgör 

ett skäl så gott som något för att fortsätta sträva mot ökad kunskap kring denna 

sjukdom. 

 98 



 99 



Acknowledgments 

I would like to express my sincere gratitude to all those (and they are not few) who 
have contributed, in one way or the other, towards the completion of this thesis. 
These contributions cover everything from patiently explaining painfully basic lab 
techniques to a confused clinician, to babysitting my children with very short 
notice… The contributors are found in the stem cell lab, surrounding labs at the 
BMC, at various clinical departments in Lund and elsewhere and in my parents and 
parents in law (for the babysitting part…) 

Special thanks goes to: 

My supervisor Sten Eirik Jacobsen, professor and head of both department and center, for 
allowing me on board, and providing me with excellent projects and the freedom to pursue them 
according to my ability, under a constant critical supervision and with brilliant scientific input 
when needed. Thank you! 

Professor emeritus Lars Holmberg and his successor, professor Vineta Fellman at the 
department of pediatrics, as well as the head of the division of pediatrics, Iréne Jakobsson, for 
their dedication, ingenuity and creativity in creating the administrative basis for my split position 
between lab and clinic. 

The head of the pediatric oncology/haematology section, Thomas Wiebe, for unfailing and 
continuous support of my endeavour across the street, and for always respecting the toll of 
working hours needed to produce science – which has resulted in the improbable achievement of 
having me scheduled to no more than the stipulated 20% of clinical work during these five years 
to the day! There are reasons for many clinical colleagues to envy me for that! 

Of course, this would not have been possible without the loyal and always friendly support 
of all my colleagues at the pediatric oncology/haematology section, whom I regard as my 
friends as well as colleagues. 

Lars Nilsson, who was my mentor during my first, stumbling year in the lab world and 
who patiently taught me almost everything I know about cell cultures – both long and short. He 
has also been a good clinical friend on this strange island of pre-clinical research. What I didn’t 
learn from Lars regarding cell cultures I learnt from Ingbritt Åstrand-Grundström, the mother 
of everything in the lab, and a good friend. 

Carole Ramirez (nowadays aka Carole Ford), the best room mate one could wish for, a 
brilliant and wonderful person and a good friend; for good talks on science but also on the 
meaning of life, the universe and everything. Thanks also for good comments and suggestions on 
the text in this book! 

Lillian Wittman, the guardian of our mice, without whom nothing would have worked, 
literally! 

Anna, Zhi and Steina, our crew at the FACS facility, for good sorts and nice chats.  

 100 



Anna Lübking, who has joined me on the work on lymphoid malignancies, contributing 
with dedication and good humour, and with charming entrances at my office door similar to 
Kramers in the Jerry Seinfeld show. 

Micke Sigvardsson, for being a cold spring in an often hot environment (and occasionally 
the reverse), and for having opened my eyes to the wonderful world of molecular biology. 
Everything I haven’t understood after meetings with him, I have asked Robert Månsson about,
who patiently have explained it all again. And again. 

Jacek Toporski, distinguished HSC transplant expert and collegue at the ped onc section, 
who joined our malignancy projects and contributed with energy, inspiration and an unending 
willingness to help when workload got high and hands too few. 

Kjeld Schmiegelow and Birgitte Lausen, dept of pediatric oncology in Copenhagen, 
Erik Forrestier and Ulrika Norén- Nyström, pediatric oncology in Umeå, as well as Peter
Hokland, dept of haematology in Århus (who incidentally has the largest collection of nitrogen 
tanks I probably ever will see in my entire life) for friendly and fruitful collaboration. 

Bertil Johansson and Bodil Strömbeck at the dept. of clinical genetics in Lund, for 
continuous intellectual and methodological contributions. A reduced number of split infinitives 
in this book is the merit of Bertil – and the one’s still there are the merit of me. Thanks also goes 
to Anna Andersson and Thoas Fioretos at the same department – although a third paper in 
preparation, in which they made great contributions, could not be finished in time for this book, 
it was certainly not because of lack of help and commitment from their side. 

Miranda Buitenhuis, for invaluable help during an important summer, helping me with a 
substantial bit of mouse work when I was on parental leave. 

Ulrike Nuber, for being such an intellectually stimulating person, and for being 
responsible for the cancer stem cell seminar series – a meeting place where scientific creativity is 
stimulated and research is made realy fun. 

Kicki, Märta and the rest of the management, past and present, for always being helpful 
and trying to make everything a bit more pleasant. 

All good room mates through the years (and not already mentioned above); Stefan
Jovinge, who in person have illustrated the fact that also statistical extremes are bound to happen 
sometimes (in Madison Square Garden, of all places), Jörgen Adolfsson, Sasan Zandi and
Hein Schepers.

…and many others, particularly all members, past and present, of the 
hematopoietic stem cell lab, who all, in their own individual ways, are brilliant 
and wonderful persons and colleagues. 

 101 



References 

1. Thomson, J.A. et al. Embryonic stem cell lines derived from human blastocysts. Science 282,
1145-7 (1998). 

2. Johansson, C.B. et al. Identification of a neural stem cell in the adult mammalian central 
nervous system. Cell 96, 25-34 (1999). 

3. Doetsch, F., Caille, I., Lim, D.A., Garcia-Verdugo, J.M. & Alvarez-Buylla, A. Subventricular 
zone astrocytes are neural stem cells in the adult mammalian brain. Cell 97, 703-16 (1999). 

4. Potten, C.S. Stem cells in gastrointestinal epithelium: numbers, characteristics and death. 
Philosophical Transactions of the Royal Society B: Biological Sciences 353, 821 (1998). 

5. Beauchamp, J.R., Morgan, J.E., Pagel, C.N. & Partridge, T.A. Dynamics of myoblast 
transplantation reveal a discrete minority of precursors with stem cell-like properties as the 
myogenic source. J Cell Biol 144, 1113-22 (1999). 

6. Taylor, G., Lehrer, M.S., Jensen, P.J., Sun, T.T. & Lavker, R.M. Involvement of follicular stem 
cells in forming not only the follicle but also the epidermis. Cell 102, 451-61 (2000). 

7. Oshima, H., Rochat, A., Kedzia, C., Kobayashi, K. & Barrandon, Y. Morphogenesis and 
renewal of hair follicles from adult multipotent stem cells. Cell 104, 233-45 (2001). 

8. Gronthos, S. et al. Molecular and cellular characterisation of highly purified stromal stem cells 
derived from human bone marrow. J Cell Sci 116, 1827-35 (2003). 

9. Beltrami, A.P. et al. Adult cardiac stem cells are multipotent and support myocardial 
regeneration. Cell 114, 763-76 (2003). 

10. Almeida-Porada, G., Porada, C. & Zanjani, E.D. Adult stem cell plasticity and methods of 
detection. Rev Clin Exp Hematol 5, 26-41 (2001). 

11. Blau, H.M., Brazelton, T.R. & Weimann, J.M. The evolving concept of a stem cell: entity or 
function? Cell 105, 829-41 (2001). 

12. Bonnet, D. & Dick, J.E. Human acute myeloid leukemia is organized as a hierarchy that 
originates from a primitive hematopoietic cell. Nat Med 3, 730-7 (1997). 

13. Reya, T., Morrison, S.J., Clarke, M.F. & Weissman, I.L. Stem cells, cancer, and cancer stem 
cells. Nature 414, 105-11 (2001). 

14. Singh, S.K., Clarke, I.D., Hide, T. & Dirks, P.B. Cancer stem cells in nervous system tumors. 
Oncogene 23, 7267-73 (2004). 

15. Vescovi, A.L., Galli, R. & Reynolds, B.A. Brain tumour stem cells. Nat Rev Cancer 6, 425-36 
(2006).

16. Al-Hajj, M. & Clarke, M.F. Self-renewal and solid tumor stem cells. Oncogene 23, 7274-82 
(2004).

17. Siminovitch, L., McCulloch, E.A. & Till, J.E. The Distribution Of Colony-Forming Cells 
Among Spleen Colonies. J Cell Physiol 62, 327-36 (1963). 

18. Osawa, M., Hanada, K., Hamada, H. & Nakauchi, H. Long-term lymphohematopoietic 
reconstitution by a single CD34-low/negative hematopoietic stem cell. Science 273, 242-5 
(1996).

19. Smith, A. A glossary for stem-cell biology. Nature 441, 1060 (2006). 
20. Solter, D. From teratocarcinomas to embryonic stem cells and beyond: a history of embryonic 

stem cell research. Nat Rev Genet 7, 319 (2006). 
21. Kleinsmith, L.J. & Pierce, G.B., Jr. Multipotentiality Of Single Embryonal Carcinoma Cells. 

Cancer Res 24, 1544-51 (1964). 
22. Stevens, L.C. The development of transplantable teratocarcinomas from intratesticular grafts of 

pre- and postimplantation mouse embryos. Dev Biol 21, 364-82 (1970). 



References

23. Solter, D., Skreb, N. & Damjanov, I. Extrauterine growth of mouse egg-cylinders results in 
malignant teratoma. Nature 227, 503-4 (1970). 

24. Evans, M.J. & Kaufman, M.H. Establishment in culture of pluripotential cells from mouse 
embryos. Nature 292, 154-6 (1981). 

25. Martin, G.R. Isolation of a pluripotent cell line from early mouse embryos cultured in medium 
conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci U S A 78, 7634-8 (1981). 

26. Strelchenko, N., Verlinsky, O., Kukharenko, V. & Verlinsky, Y. Morula-derived human 
embryonic stem cells. Reprod Biomed Online 9, 623-9 (2004). 

27. Meissner, A. & Jaenisch, R. Generation of nuclear transfer-derived pluripotent ES cells from 
cloned Cdx2-deficient blastocysts. Nature 439, 212 (2006). 

28. Chung, Y. et al. Embryonic and extraembryonic stem cell lines derived from single mouse 
blastomeres. Nature 439, 216 (2006). 

29. Klimanskaya, I., Chung, Y., Becker, S., Lu, S.-J. & Lanza, R. Human embryonic stem cell 
lines derived from single blastomeres. Nature advanced online publication(2006).

30. Dennis, C. & Check, E. /`Ethical/' routes to stem cells highlight political divide. Nature 437,
1076 (2005). 

31. Pearson, H. Early embryos can yield stem cells. and survive. Nature 442, 858 (2006). 
32. Roy, N.S. et al. Functional engraftment of human ES cell-derived dopaminergic neurons 

enriched by coculture with telomerase-immortalized midbrain astrocytes. Nat Med 12, 1259 
(2006).

33. Maitra, A. et al. Genomic alterations in cultured human embryonic stem cells. Nat Genet 37,
1099-103 (2005). 

34. Baker, D.E. et al. Adaptation to culture of human embryonic stem cells and oncogenesis in 
vivo. Nat Biotechnol 25, 207-15 (2007). 

35. Briggs, R. & King, T.J. Transplantation of Living Nuclei From Blastula Cells into Enucleated 
Frogs' Eggs. Proc Natl Acad Sci U S A 38, 455-63 (1952). 

36. Gurdon, J.B. & Byrne, J.A. The first half-century of nuclear transplantation. Proc Natl Acad 
Sci U S A 100, 8048-52 (2003). 

37. Wilmut, I., Schnieke, A.E., McWhir, J., Kind, A.J. & Campbell, K.H. Viable offspring derived 
from fetal and adult mammalian cells. Nature 385, 810-3 (1997). 

38. Rideout, W.M., 3rd, Hochedlinger, K., Kyba, M., Daley, G.Q. & Jaenisch, R. Correction of a 
genetic defect by nuclear transplantation and combined cell and gene therapy. Cell 109, 17-27 
(2002).

39. Hwang, W.S. et al. Patient-specific embryonic stem cells derived from human SCNT 
blastocysts. Science 308, 1777-83 (2005). 

40. Hwang, W.S. et al. Evidence of a pluripotent human embryonic stem cell line derived from a 
cloned blastocyst. Science 303, 1669-74 (2004). 

41. Silva, J., Chambers, I., Pollard, S. & Smith, A. Nanog promotes transfer of pluripotency after 
cell fusion. Nature 441, 997 (2006). 

42. Sung, L.Y. et al. Differentiated cells are more efficient than adult stem cells for cloning by 
somatic cell nuclear transfer. Nat Genet 38, 1323-8 (2006). 

43. Tada, M., Takahama, Y., Abe, K., Nakatsuji, N. & Tada, T. Nuclear reprogramming of somatic 
cells by in vitro hybridization with ES cells. Curr Biol 11, 1553-8 (2001). 

44. Cowan, C.A., Atienza, J., Melton, D.A. & Eggan, K. Nuclear reprogramming of somatic cells 
after fusion with human embryonic stem cells. Science 309, 1369-73 (2005). 

45. Takahashi, K. & Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic 
and Adult Fibroblast Cultures by Defined Factors. Cell 126, 663 (2006). 

46. Orlic, D. et al. Bone marrow cells regenerate infarcted myocardium. Nature 410, 701-5 (2001). 
47. Orlic, D. et al. Mobilized bone marrow cells repair the infarcted heart, improving function and 

survival. Proc Natl Acad Sci U S A 98, 10344-9 (2001). 

 103 



References

48. Jackson, K.A. et al. Regeneration of ischemic cardiac muscle and vascular endothelium by 
adult stem cells. J Clin Invest 107, 1395-402 (2001). 

49. Ianus, A., Holz, G.G., Theise, N.D. & Hussain, M.A. In vivo derivation of glucose-competent 
pancreatic endocrine cells from bone marrow without evidence of cell fusion. J Clin Invest
111, 843-50 (2003). 

50. Hess, D. et al. Bone marrow-derived stem cells initiate pancreatic regeneration. Nat Biotechnol
21, 763-70 (2003). 

51. Ferrari, G. et al. Muscle regeneration by bone marrow-derived myogenic progenitors. Science
279, 1528-30 (1998). 

52. Gussoni, E. et al. Dystrophin expression in the mdx mouse restored by stem cell 
transplantation. Nature 401, 390-4 (1999). 

53. LaBarge, M.A. & Blau, H.M. Biological progression from adult bone marrow to mononucleate 
muscle stem cell to multinucleate muscle fiber in response to injury. Cell 111, 589-601 (2002). 

54. Brazelton, T.R., Rossi, F.M., Keshet, G.I. & Blau, H.M. From marrow to brain: expression of 
neuronal phenotypes in adult mice. Science 290, 1775-9 (2000). 

55. Mezey, E., Chandross, K.J., Harta, G., Maki, R.A. & McKercher, S.R. Turning blood into 
brain: cells bearing neuronal antigens generated in vivo from bone marrow. Science 290, 1779-
82 (2000). 

56. Petersen, B.E. et al. Bone marrow as a potential source of hepatic oval cells. Science 284,
1168-70 (1999). 

57. Lagasse, E. et al. Purified hematopoietic stem cells can differentiate into hepatocytes in vivo. 
Nat Med 6, 1229-34 (2000). 

58. Krause, D.S. et al. Multi-organ, multi-lineage engraftment by a single bone marrow-derived 
stem cell. Cell 105, 369-77 (2001). 

59. Zhao, Y., Glesne, D. & Huberman, E. A human peripheral blood monocyte-derived subset acts 
as pluripotent stem cells. Proc Natl Acad Sci U S A 100, 2426-2431 (2003). 

60. Bjornson, C.R., Rietze, R.L., Reynolds, B.A., Magli, M.C. & Vescovi, A.L. Turning brain into 
blood: a hematopoietic fate adopted by adult neural stem cells in vivo. Science 283, 534-7 
(1999).

61. Jackson, K.A., Mi, T. & Goodell, M.A. Hematopoietic potential of stem cells isolated from 
murine skeletal muscle. Proc Natl Acad Sci U S A 96, 14482-6 (1999). 

62. Wagers, A.J. & Weissman, I.L. Plasticity of adult stem cells. Cell 116, 639-48 (2004). 
63. Lakshmipathy, U. & Verfaillie, C. Stem cell plasticity. Blood Rev 19, 29-38 (2005). 
64. Orkin, S.H. & Zon, L.I. Hematopoiesis and stem cells: plasticity versus developmental 

heterogeneity. Nat Immunol 3, 323-8 (2002). 
65. Castro, R.F. et al. Failure of bone marrow cells to transdifferentiate into neural cells in vivo. 

Science 297, 1299 (2002). 
66. Morshead, C.M., Benveniste, P., Iscove, N.N. & van der Kooy, D. Hematopoietic competence 

is a rare property of neural stem cells that may depend on genetic and epigenetic alterations. 
Nat Med 8, 268-73 (2002). 

67. Choi, J.B. et al. Little evidence of transdifferentiation of bone marrow-derived cells into 
pancreatic beta cells. Diabetologia 46, 1366-74 (2003). 

68. Ono, K. et al. Preservation of hematopoietic properties in transplanted bone marrow cells in the 
brain. J Neurosci Res 72, 503-7 (2003). 

69. Wagers, A.J., Sherwood, R.I., Christensen, J.L. & Weissman, I.L. Little evidence for 
developmental plasticity of adult hematopoietic stem cells. Science 297, 2256-9 (2002). 

70. Wells, W.A. Is transdifferentiation in trouble? J Cell Biol 157, 15-8 (2002). 
71. Kawada, H. & Ogawa, M. Bone marrow origin of hematopoietic progenitors and stem cells in 

murine muscle. Blood 98, 2008-13 (2001). 

 104 



References

72. Vassilopoulos, G., Wang, P.R. & Russell, D.W. Transplanted bone marrow regenerates liver 
by cell fusion. Nature (2003). 

73. Nygren, J.M. et al. Bone marrow-derived hematopoietic cells generate cardiomyocytes at a low 
frequency through cell fusion, but not transdifferentiation. Nat Med 10, 494-501 (2004). 

74. Kirkland, M.A. A phase space model of hemopoiesis and the concept of stem cell renewal. Exp
Hematol 32, 511-9 (2004). 

75. Sieburg, H.B. et al. The hematopoietic stem compartment consists of a limited number of 
discrete stem cell subsets. Blood 107, 2311-2316 (2006). 

76. Muller-Sieburg, C.E. & Sieburg, H.B. The GOD of hematopoietic stem cells: a clonal diversity 
model of the stem cell compartment. Cell Cycle 5, 394-8 (2006). 

77. Kirkland, M.A. et al. Discrete stem cells: subsets or a continuum? Blood 108, 3949-3950 
(2006).

78. Quesenberry, P.J., Colvin, G.A. & Lambert, J.F. The chiaroscuro stem cell: a unified stem cell 
theory. Blood 100, 4266-71 (2002). 

79. Eckfeldt, C.E., Mendenhall, E.M. & Verfaillie, C.M. The molecular repertoire of the 'almighty' 
stem cell. Nat Rev Mol Cell Biol 6, 726-37 (2005). 

80. Ramalho-Santos, M., Yoon, S., Matsuzaki, Y., Mulligan, R.C. & Melton, D.A. "Stemness": 
Transcriptional Profiling of Embryonic and Adult Stem Cells. Science 298, 597-600 (2002). 

81. Ivanova, N.B. et al. A Stem Cell Molecular Signature. Science 298, 601-604 (2002). 
82. Fortunel, N.O. et al. Comment on " 'Stemness': transcriptional profiling of embryonic and adult 

stem cells" and "a stem cell molecular signature". Science 302, 393; author reply 393 (2003). 
83. Mikkers, H. & Frisen, J. Deconstructing stemness. Embo J (2005). 
84. Burns, C.E. & Zon, L.I. Portrait of a Stem Cell. Developmental Cell 3, 612 (2002). 
85. Till, J.E. & Mc, C.E. A direct measurement of the radiation sensitivity of normal mouse bone 

marrow cells. Radiat Res 14, 213-22 (1961). 
86. Becker, A.J., Mc, C.E. & Till, J.E. Cytological demonstration of the clonal nature of spleen 

colonies derived from transplanted mouse marrow cells. Nature 197, 452-4 (1963). 
87. Schofield. The relationship between the spleen colony-forming cell and the haematopoietic 

stem cell - a hypothesis. Blood Cells 4, 7-25 (1978). 
88. Jones, R.J., Celano, P., Sharkis, S.J. & Sensenbrenner, L.L. Two phases of engraftment 

established by serial bone marrow transplantation in mice. Blood 73, 397-401 (1989). 
89. Ploemacher, R.E., van der Sluijs, J.P., van Beurden, C.A., Baert, M.R. & Chan, P.L. Use of 

limiting-dilution type long-term marrow cultures in frequency analysis of marrow-repopulating 
and spleen colony-forming hematopoietic stem cells in the mouse. Blood 78, 2527-33 (1991). 

90. Na Nakorn, T., Traver, D., Weissman, I.L. & Akashi, K. Myeloerythroid-restricted progenitors 
are sufficient to confer radioprotection and provide the majority of day 8 CFU-S. J Clin Invest
109, 1579-85 (2002). 

91. Wognum, A.W., Eaves, A.C. & Thomas, T.E. Identification and isolation of hematopoietic 
stem cells. Arch Med Res 34, 461-75 (2003). 

92. Civin, C.I. et al. Antigenic analysis of hematopoiesis. III. A hematopoietic progenitor cell 
surface antigen defined by a monoclonal antibody raised against KG-1a cells. J Immunol 133,
157-65 (1984). 

93. Healy, L. et al. The stem cell antigen CD34 functions as a regulator of hemopoietic cell 
adhesion. Proc Natl Acad Sci U S A 92, 12240-4 (1995). 

94. Cheng, J. et al. Hematopoietic defects in mice lacking the sialomucin CD34. Blood 87, 479-90 
(1996).

95. Krause, D.S., Fackler, M.J., Civin, C.I. & May, W.S. CD34: structure, biology, and clinical 
utility [see comments]. Blood 87, 1-13 (1996). 

 105 



References

96. Andrews, R.G. et al. CD34+ marrow cells, devoid of T and B lymphocytes, reconstitute stable 
lymphopoiesis and myelopoiesis in lethally irradiated allogeneic baboons. Blood 80, 1693-701 
(1992).

97. Larochelle, A. et al. Identification of primitive human hematopoietic cells capable of 
repopulating NOD/SCID mouse bone marrow: implications for gene therapy. Nat Med 2,
1329-37 (1996). 

98. Zanjani, E.D., Almeida-Porada, G., Ascensao, J.L., MacKintosh, F.R. & Flake, A.W. 
Transplantation of hematopoietic stem cells in utero. Stem Cells 15 Suppl 1, 79-92 (1997). 

99. Civin, C.I. et al. Highly purified CD34-positive cells reconstitute hematopoiesis. J Clin Oncol
14, 2224-33 (1996). 

100. Vogel, W., Scheding, S., Kanz, L. & Brugger, W. Clinical applications of CD34(+) peripheral 
blood progenitor cells (PBPC). Stem Cells 18, 87-92 (2000). 

101. Deaglio, S., Mehta, K. & Malavasi, F. Human CD38: a (r)evolutionary story of enzymes and 
receptors. Leukemia Research 25, 1 (2001). 

102. Hao, Q.L., Smogorzewska, E.M., Barsky, L.W. & Crooks, G.M. In vitro identification of 
single CD34+CD38- cells with both lymphoid and myeloid potential. Blood 91, 4145-51 
(1998).

103. Miller, J.S., McCullar, V., Punzel, M., Lemischka, I.R. & Moore, K.A. Single adult human 
CD34(+)/Lin-/CD38(-) progenitors give rise to natural killer cells, B-lineage cells, dendritic 
cells, and myeloid cells. Blood 93, 96-106 (1999). 

104. Bhatia, M., Wang, J.C., Kapp, U., Bonnet, D. & Dick, J.E. Purification of primitive human 
hematopoietic cells capable of repopulating immune-deficient mice. Proc Natl Acad Sci U S A
94, 5320-5 (1997). 

105. Manz, M.G., Miyamoto, T., Akashi, K. & Weissman, I.L. Prospective isolation of human 
clonogenic common myeloid progenitors. Proc Natl Acad Sci U S A 99, 11872-7 (2002). 

106. Taussig, D.C. et al. Hematopoietic stem cells express multiple myeloid markers: implications 
for the origin and targeted therapy of acute myeloid leukemia. Blood 106, 4086-4092 (2005). 

107. Guenechea, G., Gan, O.I., Dorrell, C. & Dick, J.E. Distinct classes of human stem cells that 
differ in proliferative and self-renewal potential. Nat Immunol 2, 75-82 (2001). 

108. Baume, C., Weissman, I., Tsukamoto, A., Buckle, A. & Peault, B. Isolation of a Candidate 
Human Hematopoietic Stem-Cell Population. Proc Natl Acad Sci U S A 89, 2804-2808 (1992). 

109. Craig, W., Kay, R., Cutler, R. & Lansdorp, P. Expression of Thy-1 on human hematopoietic 
progenitor cells. J. Exp. Med. 177, 1331-1342 (1993). 

110. Murray, L. et al. Enrichment of human hematopoietic stem cell activity in the CD34+Thy-
1+Lin- subpopulation from mobilized peripheral blood. Blood 85, 368-78 (1995). 

111. Michallet, M. et al. Transplantation with selected autologous peripheral blood CD34+Thy1+ 
hematopoietic stem cells (HSCs) in multiple myeloma. Experimental Hematology 28, 858-870 
(2000).

112. Vose, J.M. et al. Transplantation of highly purified CD34+Thy-1+ hematopoietic stem cells in 
patients with recurrent indolent non-Hodgkin's lymphoma. Biology of Blood and Marrow 
Transplantation 7, 680-687 (2001). 

113. Yin, A.H. et al. AC133, a novel marker for human hematopoietic stem and progenitor cells. 
Blood 90, 5002-12 (1997). 

114. Bhatia, M. AC133 expression in human stem cells. Leukemia 15, 1685-8 (2001). 
115. Singh, S.K. et al. Identification of human brain tumour initiating cells. Nature 432, 396-401 

(2004).
116. O/'Brien, C.A., Pollett, A., Gallinger, S. & Dick, J.E. A human colon cancer cell capable of 

initiating tumour growth in immunodeficient mice. Nature 445, 106 (2007). 
117. Ricci-Vitiani, L. et al. Identification and expansion of human colon-cancer-initiating cells. 

Nature 445, 111 (2007). 

 106 



References

118. Kawashima, I. et al. CD34+ human marrow cells that express low levels of Kit protein are 
enriched for long-term marrow-engrafting cells. Blood 87, 4136-42 (1996). 

119. Ziegler, B.L. et al. KDR receptor: a key marker defining hematopoietic stem cells. Science
285, 1553-8 (1999). 

120. Hattori, K. et al. Placental growth factor reconstitutes hematopoiesis by recruiting VEGFR1(+) 
stem cells from bone-marrow microenvironment. Nat Med 8, 841-9 (2002). 

121. Pierelli, L. et al. CD34+/CD105+ cells are enriched in primitive circulating progenitors 
residing in the G0 phase of the cell cycle and contain all bone marrow and cord blood 
CD34+/CD38low/- precursors. Br J Haematol 108, 610-20 (2000). 

122. Balazs, A.B., Fabian, A.J., Esmon, C.T. & Mulligan, R.C. Endothelial protein C receptor 
(CD201) explicitly identifies hematopoietic stem cells in murine bone marrow. Blood 107,
2317-21 (2006). 

123. Osawa, M. et al. In vivo self-renewal of c-Kit+ Sca-1+ Lin(low/-) hemopoietic stem cells. J
Immunol 156, 3207-14 (1996). 

124. Bryder, D., Rossi, D.J. & Weissman, I.L. Hematopoietic stem cells: the paradigmatic tissue-
specific stem cell. Am J Pathol 169, 338-46 (2006). 

125. Adolfsson, J. et al. Upregulation of Flt3 expression within the bone marrow Lin(-)Sca1(+)c-
kit(+) stem cell compartment is accompanied by loss of self-renewal capacity. Immunity 15,
659-69 (2001). 

126. Christensen, J.L. & Weissman, I.L. Flk-2 is a marker in hematopoietic stem cell differentiation: 
a simple method to isolate long-term stem cells. Proc Natl Acad Sci U S A 98, 14541-6 (2001). 

127. Spangrude, G.J., Heimfeld, S. & Weissman, I.L. Purification and characterization of mouse 
hematopoietic stem cells. Science 241, 58-62 (1988). 

128. Chen, C.Z. et al. Identification of endoglin as a functional marker that defines long-term 
repopulating hematopoietic stem cells. Proc Natl Acad Sci U S A 99, 15468-73 (2002). 

129. Kiel, M.J. et al. SLAM Family Receptors Distinguish Hematopoietic Stem and Progenitor 
Cells and Reveal Endothelial Niches for Stem Cells. Cell 121, 1109-1121 (2005). 

130. Sato, T., Laver, J.H. & Ogawa, M. Reversible expression of CD34 by murine hematopoietic 
stem cells. Blood 94, 2548-54 (1999). 

131. Ito, T., Tajima, F. & Ogawa, M. Developmental changes of CD34 expression by murine 
hematopoietic stem cells. Exp Hematol 28, 1269-73 (2000). 

132. Tajima, F., Deguchi, T., Laver, J.H., Zeng, H. & Ogawa, M. Reciprocal expression of CD38 
and CD34 by adult murine hematopoietic stem cells. Blood 97, 2618-24 (2001). 

133. Bhatia, M., Bonnet, D., Murdoch, B., Gan, O.I. & Dick, J.E. A newly discovered class of 
human hematopoietic cells with SCID-repopulating activity. Nat Med 4, 1038-45 (1998). 

134. Zanjani, E.D., Almeida-Porada, G., Livingston, A.G., Flake, A.W. & Ogawa, M. Human bone 
marrow CD34- cells engraft in vivo and undergo multilineage expression that includes giving 
rise to CD34+ cells. Exp Hematol 26, 353-60 (1998). 

135. Verfaillie, C.M., Almeida-Porada, G., Wissink, S. & Zanjani, E.D. Kinetics of engraftment of 
CD34(-) and CD34(+) cells from mobilized blood differs from that of CD34(-) and CD34(+) 
cells from bone marrow. Exp Hematol 28, 1071-9 (2000). 

136. Gallacher, L. et al. Isolation and characterization of human CD34(-)Lin(-) and CD34(+)Lin(-) 
hematopoietic stem cells using cell surface markers AC133 and CD7. Blood 95, 2813-20 
(2000).

137. Zanjani, E.D., Almeida-Porada, G., Livingston, A.G., Zeng, H. & Ogawa, M. Reversible 
expression of CD34 by adult human bone marrow long-term engrafting hematopoietic stem 
cells. Exp Hematol 31, 406-12 (2003). 

138. Goodell, M.A. CD34(+) or CD34(-): does it really matter? Blood 94, 2545-7 (1999). 
139. Gao, Z. et al. Human CD34+ cell preparations contain over 100-fold greater NOD/SCID 

mouse engrafting capacity than do CD34- cell preparations. Exp Hematol 29, 910-21 (2001). 

 107 



References

140. Hodgson, G.S. & Bradley, T.R. Properties of haematopoietic stem cells surviving 5-
fluorouracil treatment: evidence for a pre-CFU-S cell? Nature 281, 381-2 (1979). 

141. Lerner, C. & Harrison, D.E. 5-Fluorouracil spares hemopoietic stem cells responsible for long-
term repopulation. Exp Hematol 18, 114-8 (1990). 

142. Berardi, A.C., Wang, A., Levine, J.D., Lopez, P. & Scadden, D.T. Functional isolation and 
characterization of human hematopoietic stem cells. Science 267, 104-8 (1995). 

143. Chaudhary, P.M. & Roninson, I.B. Expression and activity of P-glycoprotein, a multidrug 
efflux pump, in human hematopoietic stem cells. Cell 66, 85-94 (1991). 

144. Bertoncello, I., Hodgson, G.S. & Bradley, T.R. Multiparameter analysis of transplantable 
hemopoietic stem cells: I. The separation and enrichment of stem cells homing to marrow and 
spleen on the basis of rhodamine-123 fluorescence. Exp Hematol 13, 999-1006 (1985). 

145. Udomsakdi, C., Eaves, C.J., Sutherland, H.J. & Lansdorp, P.M. Separation of functionally 
distinct subpopulations of primitive human hematopoietic cells using rhodamine-123. Exp
Hematol 19, 338-42 (1991). 

146. McKenzie, J.L., Takenaka, K., Gan, O.I., Doedens, M. & Dick, J.E. Low rhodamine 123 
retention identifies long-term human hematopoietic stem cells within the Lin-CD34+CD38- 
population. Blood 109, 543-545 (2007). 

147. Zhou, S. et al. The ABC transporter Bcrp1/ABCG2 is expressed in a wide variety of stem cells 
and is a molecular determinant of the side-population phenotype. Nat Med 7, 1028-34 (2001). 

148. Scharenberg, C.W., Harkey, M.A. & Torok-Storb, B. The ABCG2 transporter is an efficient 
Hoechst 33342 efflux pump and is preferentially expressed by immature human hematopoietic 
progenitors. Blood 99, 507-512 (2002). 

149. Goodell, M.A., Brose, K., Paradis, G., Conner, A.S. & Mulligan, R.C. Isolation and functional 
properties of murine hematopoietic stem cells that are replicating in vivo. J Exp Med 183,
1797-806 (1996). 

150. Goodell, M.A. et al. Dye efflux studies suggest that hematopoietic stem cells expressing low or 
undetectable levels of CD34 antigen exist in multiple species. Nat Med 3, 1337-45 (1997). 

151. Matsuzaki, Y., Kinjo, K., Mulligan, R.C. & Okano, H. Unexpectedly efficient homing capacity 
of purified murine hematopoietic stem cells. Immunity 20, 87-93 (2004). 

152. Morita, Y., Ema, H., Yamazaki, S. & Nakauchi, H. Non-side-population hematopoietic stem 
cells in mouse bone marrow. Blood 108, 2850-2856 (2006). 

153. Uchida, N., Fujisaki, T., Eaves, A.C. & Eaves, C.J. Transplantable hematopoietic stem cells in 
human fetal liver have a CD34(+) side population (SP)phenotype. J Clin Invest 108, 1071-7 
(2001).

154. Jones, R.J. et al. Assessment of aldehyde dehydrogenase in viable cells. Blood 85, 2742-6 
(1995).

155. Storms, R.W. et al. Isolation of primitive human hematopoietic progenitors on the basis of 
aldehyde dehydrogenase activity. Proc Natl Acad Sci U S A 96, 9118-23 (1999). 

156. Hess, D.A. et al. Functional characterization of highly purified human hematopoietic 
repopulating cells isolated according to aldehyde dehydrogenase activity. Blood 104, 1648-55 
(2004).

157. Fallon, P. et al. Mobilized peripheral blood SSCloALDHbr cells have the phenotypic and 
functional properties of primitive haematopoietic cells and their number correlates with 
engraftment following autologous transplantation. Br J Haematol 122, 99-108 (2003). 

158. Danet, G.H., Lee, H.W., Luongo, J.L., Simon, M.C. & Bonnet, D.A. Dissociation between 
stem cell phenotype and NOD/SCID repopulating activity in human peripheral blood CD34+ 
cells after ex vivo expansion. Experimental Hematology 29, 1465-1473 (2001). 

159. Hogge, D.E., Lansdorp, P.M., Reid, D., Gerhard, B. & Eaves, C.J. Enhanced detection, 
maintenance, and differentiation of primitive human hematopoietic cells in cultures containing 

 108 



References

murine fibroblasts engineered to produce human steel factor, interleukin-3, and granulocyte 
colony-stimulating factor. Blood 88, 3765-73 (1996). 

160. Pettengell, R. et al. Direct comparison by limiting dilution analysis of long-term culture-
initiating cells in human bone marrow, umbilical cord blood, and blood stem cells. Blood 84,
3653-9 (1994). 

161. Denning-Kendall, P., Singha, S., Bradley, B. & Hows, J. Cobblestone area-forming cells in 
human cord blood are heterogeneous and differ from long-term culture-initiating cells. Stem
Cells 21, 694-701 (2003). 

162. Coulombel, L. Identification of hematopoietic stem/progenitor cells: strength and drawbacks of 
functional assays. Oncogene 23, 7210-22 (2004). 

163. Szilvassy, S.J., Humphries, R.K., Lansdorp, P.M., Eaves, A.C. & Eaves, C.J. Quantitative 
assay for totipotent reconstituting hematopoietic stem cells by a competitive repopulation 
strategy. Proc Natl Acad Sci U S A 87, 8736-40 (1990). 

164. McCune, J.M. et al. The SCID-hu mouse: murine model for the analysis of human 
hematolymphoid differentiation and function. Science 241, 1632-9 (1988). 

165. Bosma, M.J. & Carroll, A.M. The SCID mouse mutant: definition, characterization, and 
potential uses. Annu Rev Immunol 9, 323-50 (1991). 

166. Kamel-Reid, S. & Dick, J.E. Engraftment of immune-deficient mice with human hematopoietic 
stem cells. Science 242, 1706-9 (1988). 

167. Shultz, L.D. et al. Multiple defects in innate and adaptive immunologic function in NOD/LtSz-
scid mice. J Immunol 154, 180-91 (1995). 

168. Cashman, J.D. & Eaves, C.J. High marrow seeding efficiency of human lymphomyeloid 
repopulating cells in irradiated NOD/SCID mice. Blood 96, 3979-81 (2000). 

169. Benveniste, P., Cantin, C., Hyam, D. & Iscove, N.N. Hematopoietic stem cells engraft in mice 
with absolute efficiency. Nat Immunol 4, 708-13 (2003). 

170. McKenzie, J.L., Gan, O.I., Doedens, M. & Dick, J.E. Human short-term repopulating stem 
cells are efficiently detected following intrafemoral transplantation into NOD/SCID recipients 
depleted of CD122+ cells. Blood 106, 1259-1261 (2005). 

171. Kollet, O. et al. beta2 microglobulin-deficient (B2m(null)) NOD/SCID mice are excellent 
recipients for studying human stem cell function. Blood 95, 3102-5 (2000). 

172. Ito, M. et al. NOD/SCID/gamma(c)(null) mouse: an excellent recipient mouse model for 
engraftment of human cells. Blood 100, 3175-82 (2002). 

173. Shultz, L.D. et al. Human Lymphoid and Myeloid Cell Development in NOD/LtSz-scid 
IL2R{gamma}null Mice Engrafted with Mobilized Human Hemopoietic Stem Cells. J
Immunol 174, 6477-6489 (2005). 

174. Shultz, L.D., Ishikawa, F. & Greiner, D.L. Humanized mice in translational biomedical 
research. Nat Rev Immunol 7, 118 (2007). 

175. Mazurier, F. et al. A Novel Immunodeficient Mouse Model-RAG2 gamma Cytokine Receptor 
Chain Double Mutants-Requiring Exogenous Cytokine Administration for Human 
Hematopoietic Stem Cell Engraftment Common. Journal of Interferon & Cytokine Research
19, 533-541 (1999). 

176. Traggiai, E. et al. Development of a human adaptive immune system in cord blood cell-
transplanted mice. Science 304, 104-7 (2004). 

177. Flake, A.W., Harrison, M.R., Adzick, N.S. & Zanjani, E.D. Transplantation of fetal 
hematopoietic stem cells in utero: the creation of hematopoietic chimeras. Science 233, 776-8 
(1986).

178. Srour, E.F. et al. Sustained human hematopoiesis in sheep transplanted in utero during early 
gestation with fractionated adult human bone marrow cells. Blood 79, 1404-12 (1992). 

 109 



References

179. McKenzie, J.L., Gan, O.I., Doedens, M., Wang, J.C.Y. & Dick, J.E. Individual stem cells with 
highly variable proliferation and self-renewal properties comprise the human hematopoietic 
stem cell compartment. Nat Immunol 7, 1225 (2006). 

180. Akashi, K., Traver, D., Miyamoto, T. & Weissman, I.L. A clonogenic common myeloid 
progenitor that gives rise to all myeloid lineages. Nature 404, 193-7 (2000). 

181. Kondo, M., Weissman, I.L. & Akashi, K. Identification of clonogenic common lymphoid 
progenitors in mouse bone marrow. Cell 91, 661-72 (1997). 

182. Galy, A., Travis, M., Cen, D. & Chen, B. Human T, B, natural killer, and dendritic cells arise 
from a common bone marrow progenitor cell subset. Immunity 3, 459-73 (1995). 

183. Hao, Q.L. et al. Identification of a novel, human multilymphoid progenitor in cord blood. 
Blood 97, 3683-90 (2001). 

184. Adolfsson, J. et al. Identification of Flt3+ Lympho-Myeloid Stem Cells Lacking Erythro-
Megakaryocytic Potential:  A Revised Road Map for Adult Blood Lineage Commitment. Cell
121, 295-306 (2005). 

185. Forsberg, E.C., Serwold, T., Kogan, S., Weissman, I.L. & Passegue, E. New evidence 
supporting megakaryocyte-erythrocyte potential of flk2/flt3(+) multipotent hematopoietic 
progenitors. Cell 126, 415-26 (2006). 

186. Till, J.E., McCulloch, E.A. & Siminovitch, L. A Stochastic Model of Stem Cell Proliferation, 
Based on the Growth of Spleen Colony-Forming Cells. Proc Natl Acad Sci U S A 51, 29-36 
(1964).

187. Muller-Sieburg, C.E., Cho, R.H., Thoman, M., Adkins, B. & Sieburg, H.B. Deterministic 
regulation of hematopoietic stem cell self-renewal and differentiation. Blood 100, 1302-9 
(2002).

188. Enver, T., Heyworth, C.M. & Dexter, T.M. Do stem cells play dice? Blood 92, 348-51; 
discussion 352 (1998). 

189. Wagers, A.J., Christensen, J.L. & Weissman, I.L. Cell fate determination from stem cells. 
Gene Ther 9, 606-12 (2002). 

190. Cheshier, S.H., Morrison, S.J., Liao, X. & Weissman, I.L. In vivo proliferation and cell cycle 
kinetics of long-term self-renewing hematopoietic stem cells. Proc Natl Acad Sci U S A 96,
3120-5 (1999). 

191. Lajtha, L.G. On The Concept Of The Cell Cycle. J Cell Physiol 62, SUPPL1:143-5 (1963). 
192. Drize, N.J., Keller, J.R. & Chertkov, J.L. Local clonal analysis of the hematopoietic system 

shows that multiple small short-living clones maintain life-long hematopoiesis in reconstituted 
mice. Blood 88, 2927-38 (1996). 

193. Jordan, C.T. & Lemischka, I.R. Clonal and systemic analysis of long-term hematopoiesis in the 
mouse. Genes Dev 4, 220-32 (1990). 

194. Abkowitz, J.L. et al. Behavior of Hematopoietic Stem Cells in a Large Animal. Proc Natl Acad 
Sci U S A 92, 2031-2035 (1995). 

195. Morrison, S.J. & Kimble, J. Asymmetric and symmetric stem-cell divisions in development 
and cancer. Nature 441, 1068-1074 (2006). 

196. Faubert, A., Lessard, J. & Sauvageau, G. Are genetic determinants of asymmetric stem cell 
division active in hematopoietic stem cells? Oncogene 23, 7247-55 (2004). 

197. Reya, T. A role for Wnt signalling in self-renewal of haematopoietic stem cells. Nature 423,
409-414 (2003). 

198. Varnum-Finney, B. Pluripotent, cytokine-dependent, hematopoietic stem cells are 
immortalized by constitutive Notch1 signaling. Nature Med. 6, 1278-1281 (2000). 

199. Bhardwaj, G. Sonic hedgehog induces the proliferation of primitive human hematopoietic cells 
via BMP regulation. Nature Immunol. 2, 172-180 (2001). 

200. Sauvageau, G. et al. Overexpression of HOXB4 in hematopoietic cells causes the selective 
expansion of more primitive populations in vitro and in vivo. Genes Dev 9, 1753-65 (1995). 

 110 



References

201. Park, I.K. et al. Bmi-1 is required for maintenance of adult self-renewing haematopoietic stem 
cells. Nature 423, 302-5 (2003). 

202. Lessard, J. & Sauvageau, G. Bmi-1 determines the proliferative capacity of normal and 
leukaemic stem cells. Nature 423, 255-60 (2003). 

203. Ema, H. et al. Quantification of self-renewal capacity in single hematopoietic stem cells from 
normal and lnk-deficient mice. Dev Cell 8, 907-14 (2005). 

204. Buza-Vidas, N. et al. Cytokines regulate postnatal hematopoietic stem cell expansion: 
opposing roles of thrombopoietin and LNK. Genes Dev 20, 2018-23 (2006). 

205. Ballmaier, M. et al. c-mpl mutations are the cause of congenital amegakaryocytic 
thrombocytopenia. Blood 97, 139-146 (2001). 

206. Glimm, H. & Eaves, C.J. Direct evidence for multiple self-renewal divisions of human in vivo 
repopulating hematopoietic cells in short-term culture. Blood 94, 2161-8 (1999). 

207. Yagi, M. et al. Sustained ex vivo expansion of hematopoietic stem cells mediated by 
thrombopoietin. Proc Natl Acad Sci U S A 96, 8126-31 (1999). 

208. Bryder, D. & Jacobsen, S.E. Interleukin-3 supports expansion of long-term multilineage 
repopulating activity after multiple stem cell divisions in vitro. Blood 96, 1748-55 (2000). 

209. Bhatia, M. et al. Quantitative analysis reveals expansion of human hematopoietic repopulating 
cells after short-term ex vivo culture. J Exp Med 186, 619-24 (1997). 

210. Ema, H., Takano, H., Sudo, K. & Nakauchi, H. In vitro self-renewal division of hematopoietic 
stem cells. J Exp Med 192, 1281-8 (2000). 

211. Willert, K. Wnt proteins are lipid-modified and can act as stem cell growth factors. Nature 423,
448-452 (2003). 

212. de Haan, G. et al. In vitro generation of long-term repopulating hematopoietic stem cells by 
fibroblast growth factor-1. Dev Cell 4, 241-51 (2003). 

213. Zhang, C.C. et al. Angiopoietin-like proteins stimulate ex vivo expansion of hematopoietic 
stem cells. Nat Med 12, 240-5 (2006). 

214. Sorrentino, B.P. Clinical strategies for expansion of haematopoietic stem cells. Nat Rev 
Immunol 4, 878-88 (2004). 

215. Ogawa, M. Differentiation and proliferation of hematopoietic stem cells. Blood 81, 2844-53 
(1993).

216. Orkin, S.H. Diversification of haematopoietic stem cells to specific lineages. Nat Rev Genet 1,
57-64 (2000). 

217. Cheng, T. et al. Temporal mapping of gene expression levels during the differentiation of 
individual primary hematopoietic cells. Proc Natl Acad Sci U S A 93, 13158-63 (1996). 

218. Hu, M. et al. Multilineage gene expression precedes commitment in the hemopoietic system. 
Genes Dev. 11, 774-785 (1997). 

219. Delassus, S., Titley, I. & Enver, T. Functional and molecular analysis of hematopoietic 
progenitors derived from the aorta-gonad-mesonephros region of the mouse embryo. Blood 94,
1495-503 (1999). 

220. Miyamoto, T. et al. Myeloid or lymphoid promiscuity as a critical step in hematopoietic 
lineage commitment. Dev Cell 3, 137-47 (2002). 

221. Akashi, K. et al. Transcriptional accessibility for genes of multiple tissues and hematopoietic 
lineages is hierarchically controlled during early hematopoiesis. Blood 101, 383-9 (2003). 

222. Cross, M.A. & Enver, T. The lineage commitment of haemopoietic progenitor cells. Curr Opin 
Genet Dev 7, 609-13 (1997). 

223. Enver, T. & Greaves, M. Loops, lineage, and leukemia. Cell 94, 9-12 (1998). 
224. Orkin, S.H. Priming the hematopoietic pump. Immunity 19, 633-4 (2003). 
225. Ye, M. et al. Hematopoietic stem cells expressing the myeloid lysozyme gene retain long-term, 

multilineage repopulation potential. Immunity 19, 689-99 (2003). 

 111 



References

226. Nutt, S.L., Heavey, B., Rolink, A.G. & Busslinger, M. Commitment to the B-lymphoid lineage 
depends on the transcription factor Pax5. Nature 401, 556-62 (1999). 

227. Morrison, S.J., Shah, N.M. & Anderson, D.J. Regulatory mechanisms in stem cell biology. 
Cell 88, 287-98 (1997). 

228. Baba, Y., Pelayo, R. & Kincade, P.W. Relationships between hematopoietic stem cells and 
lymphocyte progenitors. Trends Immunol 25, 645-9 (2004). 

229. Mikkola, I., Heavey, B., Horcher, M. & Busslinger, M. Reversion of B cell commitment upon 
loss of Pax5 expression. Science 297, 110-3 (2002). 

230. Jacobson, M.D., Weil, M. & Raff, M.C. Programmed cell death in animal development. Cell
88, 347-54 (1997). 

231. Okada, H. & Mak, T.W. Pathways of apoptotic and non-apoptotic death in tumour cells. Nat
Rev Cancer 4, 592-603 (2004). 

232. Hanahan, D. & Weinberg, R.A. The hallmarks of cancer. Cell 100, 57-70 (2000). 
233. Domen, J. The role of apoptosis in regulating hematopoietic stem cell numbers. Apoptosis 6,

239-52 (2001). 
234. Domen, J., Cheshier, S.H. & Weissman, I.L. The role of apoptosis in the regulation of 

hematopoietic stem cells: Overexpression of Bcl-2 increases both their number and 
repopulation potential. J Exp Med 191, 253-64 (2000). 

235. Park, J.R., Bernstein, I.D. & Hockenbery, D.M. Primitive human hematopoietic precursors 
express Bcl-x but not Bcl-2. Blood 86, 868-76 (1995). 

236. Maciejewski, J., Selleri, C., Anderson, S. & Young, N.S. Fas antigen expression on CD34+ 
human marrow cells is induced by interferon gamma and tumor necrosis factor alpha and 
potentiates cytokine-mediated hematopoietic suppression in vitro. Blood 85, 3183-90 (1995). 

237. Takenaka, K. et al. In vitro expansion of hematopoietic progenitor cells induces functional 
expression of Fas antigen (CD95). Blood 88, 2871-7 (1996). 

238. Dybedal, I., Bryder, D., Fossum, A., Rusten, L.S. & Jacobsen, S.E.W. Tumor necrosis factor 
(TNF)-mediated activation of the p55 TNF receptor negatively regulates maintenance of 
cycling reconstituting human hematopoietic stem cells. Blood 98, 1782-1791 (2001). 

239. Dybedal, I. et al. Human reconstituting hematopoietic stem cells up-regulate Fas expression 
upon active cell cycling but remain resistant to Fas-induced suppression. Blood 102, 118-26 
(2003).

240. Josefsen, D. et al. Fas ligand promotes cell survival of immature human bone marrow 
CD34+CD38- hematopoietic progenitor cells by suppressing apoptosis. Exp Hematol 27, 1451-
9 (1999). 

241. Moore, K.A. & Lemischka, I.R. Stem cells and their niches. Science 311, 1880-5 (2006). 
242. Wallenfang, M.R. & Matunis, E. Developmental biology. Orienting stem cells. Science 301,

1490-1 (2003). 
243. Xie, T. & Spradling, A.C. A niche maintaining germ line stem cells in the Drosophila ovary. 

Science 290, 328-30 (2000). 
244. Li, L. & Xie, T. Stem cell niche: structure and function. Annu Rev Cell Dev Biol 21, 605-31 

(2005).
245. Yamashita, Y.M., Jones, D.L. & Fuller, M.T. Orientation of asymmetric stem cell division by 

the APC tumor suppressor and centrosome. Science 301, 1547-50 (2003). 
246. Kai, T. & Spradling, A. An empty Drosophila stem cell niche reactivates the proliferation of 

ectopic cells. Proc Natl Acad Sci U S A 100, 4633-8 (2003). 
247. Kai, T. & Spradling, A. Differentiating germ cells can revert into functional stem cells in 

Drosophila melanogaster ovaries. Nature 428, 564-9 (2004). 
248. Fuchs, E., Tumbar, T. & Guasch, G. Socializing with the neighbors: stem cells and their niche. 

Cell 116, 769-78 (2004). 
249. Scadden, D.T. The stem-cell niche as an entity of action. Nature 441, 1075 (2006). 

 112 



References

250. Lord, B.I., Testa, N.G. & Hendry, J.H. The relative spatial distributions of CFUs and CFUc in 
the normal mouse femur. Blood 46, 65-72 (1975). 

251. Gong, J.K. Endosteal marrow: a rich source of hematopoietic stem cells. Science 199, 1443-5 
(1978).

252. Nilsson, S.K., Johnston, H.M. & Coverdale, J.A. Spatial localization of transplanted 
hemopoietic stem cells: inferences for the localization of stem cell niches. Blood 97, 2293-9 
(2001).

253. Taichman, R.S. & Emerson, S.G. Human osteoblasts support hematopoiesis through the 
production of granulocyte colony-stimulating factor. J Exp Med 179, 1677-82 (1994). 

254. Taichman, R.S. Blood and bone: two tissues whose fates are intertwined to create the 
hematopoietic stem-cell niche. Blood 105, 2631-2639 (2005). 

255. El-Badri, N.S., Wang, B.Y., Cherry & Good, R.A. Osteoblasts promote engraftment of 
allogeneic hematopoietic stem cells. Exp Hematol 26, 110-6 (1998). 

256. Deguchi, K. et al. Excessive extramedullary hematopoiesis in Cbfa1-deficient mice with a 
congenital lack of bone marrow. Biochem Biophys Res Commun 255, 352-9 (1999). 

257. Visnjic, D. et al. Conditional ablation of the osteoblast lineage in Col2.3deltatk transgenic 
mice. J Bone Miner Res 16, 2222-31 (2001). 

258. Zhang, J. Identification of the haematopoietic stem cell niche and control of the niche size. 
Nature 425, 836-841 (2003). 

259. Calvi, L.M. Osteoblastic cells regulate the haematopoietic stem cell niche. Nature 425, 841-
846 (2003). 

260. Visnjic, D. et al. Hematopoiesis is severely altered in mice with an induced osteoblast 
deficiency. Blood 103, 3258-64 (2004). 

261. Kiel, M.J. & Morrison, S.J. Maintaining Hematopoietic Stem Cells in the Vascular Niche. 
Immunity 25, 862 (2006). 

262. Sipkins, D.A. et al. In vivo imaging of specialized bone marrow endothelial microdomains for 
tumour engraftment. Nature 435, 969-73 (2005). 

263. Sugiyama, T., Kohara, H., Noda, M. & Nagasawa, T. Maintenance of the Hematopoietic Stem 
Cell Pool by CXCL12-CXCR4 Chemokine Signaling in Bone Marrow Stromal Cell Niches. 
Immunity 25, 977-88 (2006). 

264. Zou, Y.-R., Kottmann, A.H., Kuroda, M., Taniuchi, I. & Littman, D.R. Function of the 
chemokine receptor CXCR4 in haematopoiesis and in cerebellar development. Nature 393, 595 
(1998).

265. Avecilla, S.T. et al. Chemokine-mediated interaction of hematopoietic progenitors with the 
bone marrow vascular niche is required for thrombopoiesis. Nat Med 10, 64-71 (2004). 

266. Kopp, H.G., Avecilla, S.T., Hooper, A.T. & Rafii, S. The bone marrow vascular niche: home 
of HSC differentiation and mobilization. Physiology (Bethesda) 20, 349-56 (2005). 

267. Yin, T. & Li, L. The stem cell niches in bone. J Clin Invest 116, 1195-201 (2006). 
268. Heissig, B. et al. Recruitment of stem and progenitor cells from the bone marrow niche 

requires MMP-9 mediated release of kit-ligand. Cell 109, 625-37 (2002). 
269. Wilson, A. & Trumpp, A. Bone-marrow haematopoietic-stem-cell niches. Nat Rev Immunol 6,

93 (2006). 
270. Ito, K. et al. Regulation of oxidative stress by ATM is required for self-renewal of 

haematopoietic stem cells. Nature 431, 997-1002 (2004). 
271. Arai, F. et al. Tie2/angiopoietin-1 signaling regulates hematopoietic stem cell quiescence in the 

bone marrow niche. Cell 118, 149-61 (2004). 
272. Murphy, M.J., Wilson, A. & Trumpp, A. More than just proliferation: Myc function in stem 

cells. Trends Cell Biol 15, 128-37 (2005). 
273. Wilson, A. et al. c-Myc controls the balance between hematopoietic stem cell self-renewal and 

differentiation. Genes Dev 18, 2747-63 (2004). 

 113 



References

274. Dar, A., Kollet, O. & Lapidot, T. Mutual, reciprocal SDF-1/CXCR4 interactions between 
hematopoietic and bone marrow stromal cells regulate human stem cell migration and 
development in NOD/SCID chimeric mice. Exp Hematol 34, 967-75 (2006). 

275. Stier, S. et al. Osteopontin is a hematopoietic stem cell niche component that negatively 
regulates stem cell pool size. J. Exp. Med. 201, 1781-1791 (2005). 

276. Nilsson, S.K. et al. Osteopontin, a key component of the hematopoietic stem cell niche and 
regulator of primitive hematopoietic progenitor cells. Blood (2005). 

277. Wright, D.E., Wagers, A.J., Gulati, A.P., Johnson, F.L. & Weissman, I.L. Physiological 
migration of hematopoietic stem and progenitor cells. Science 294, 1933-6 (2001). 

278. McKinney-Freeman, S. & Goodell, M.A. Circulating hematopoietic stem cells do not 
efficiently home to bone marrow during homeostasis. Exp Hematol 32, 868-76 (2004). 

279. Adams, G.B. et al. Stem cell engraftment at the endosteal niche is specified by the calcium-
sensing receptor. Nature 439, 599 (2006). 

280. Katayama, Y. et al. Signals from the Sympathetic Nervous System Regulate Hematopoietic 
Stem Cell Egress from Bone Marrow. Cell 124, 407 (2006). 

281. Petit, I. et al. G-CSF induces stem cell mobilization by decreasing bone marrow SDF-1 and up-
regulating CXCR4. Nat Immunol 3, 687-94 (2002). 

282. Levesque, J.-P., Hendy, J., Takamatsu, Y., Simmons, P.J. & Bendall, L.J. Disruption of the 
CXCR4/CXCL12 chemotactic interaction during hematopoietic stem cell mobilization induced 
by GCSF or cyclophosphamide. J. Clin. Invest. 111, 187-196 (2003). 

283. Korbling, M. & Anderlini, P. Peripheral blood stem cell versus bone marrow 
allotransplantation: does the source of hematopoietic stem cells matter? Blood 98, 2900-8 
(2001).

284. Gratwohl, A. et al. Current trends in hematopoietic stem cell transplantation in Europe. Blood
100, 2374-86 (2002). 

285. Rizo, A., Vellenga, E., de Haan, G. & Schuringa, J.J. Signaling pathways in self-renewing 
hematopoietic and leukemic stem cells: do all stem cells need a niche? Hum Mol Genet 15
Suppl 2, R210-9 (2006). 

286. Ninomiya, M. et al. Homing, proliferation and survival sites of human leukemia cells in vivo in 
immunodeficient mice. Leukemia 21, 136 (2006). 

287. Kaplan, R.N. et al. VEGFR1-positive haematopoietic bone marrow progenitors initiate the pre-
metastatic niche. Nature 438, 820 (2005). 

288. Krause, D.S., Lazarides, K., von Andrian, U.H. & Van Etten, R.A. Requirement for CD44 in 
homing and engraftment of BCR-ABL-expressing leukemic stem cells. Nat Med 12, 1175 
(2006).

289. Jin, L., Hope, K.J., Zhai, Q., Smadja-Joffe, F. & Dick, J.E. Targeting of CD44 eradicates 
human acute myeloid leukemic stem cells. Nat Med 12, 1167 (2006). 

290. Li, L. & Neaves, W.B. Normal stem cells and cancer stem cells: the niche matters. Cancer Res
66, 4553-7 (2006). 

291. Scadden, D.T. The stem cell niche in health and leukemic disease. Best Practice & Research 
Clinical Haematology 20, 19 (2007). 

292. Dzierzak, E. & Medvinsky, A. Mouse embryonic hematopoiesis. Trends in Genetics 11, 359 
(1995).

293. Galloway, J.L. & Zon, L.I. Ontogeny of hematopoiesis: Examining the emergence of 
hematopoietic cells in the vertebrate embryo. in Current Topics in Developmental Biology,
Vol. Volume 53 139 (Academic Press, 2003). 

294. Medvinsky, A. & Dzierzak, E. Definitive hematopoiesis is autonomously initiated by the AGM 
region. Cell 86, 897-906 (1996). 

295. Cumano, A. & Godin, I. Pluripotent hematopoietic stem cell development during 
embryogenesis. Curr Opin Immunol 13, 166-71 (2001). 

 114 



References

296. Okuda, T., van Deursen, J., Hiebert, S.W., Grosveld, G. & Downing, J.R. AML1, the target of 
multiple chromosomal translocations in human leukemia, is essential for normal fetal liver 
hematopoiesis. Cell 84, 321-30 (1996). 

297. Wang, L.C. et al. The TEL/ETV6 gene is required specifically for hematopoiesis in the bone 
marrow. Genes Dev 12, 2392-402 (1998). 

298. Tavian, M. & Peault, B. The changing cellular environments of hematopoiesis in human 
development in utero. Experimental Hematology 33, 1062 (2005). 

299. Tavian, M., Robin, C., Coulombel, L. & Peault, B. The human embryo, but not its yolk sac, 
generates lympho-myeloid stem cells: mapping multipotent hematopoietic cell fate in 
intraembryonic mesoderm. Immunity 15, 487-95 (2001). 

300. Geiger, H. & Van Zant, G. The aging of lympho-hematopoietic stem cells. Nat Immunol 3,
329-33 (2002). 

301. Rossi, D.J. et al. Cell intrinsic alterations underlie hematopoietic stem cell aging. Proc Natl 
Acad Sci U S A 102, 9194-9 (2005). 

302. Janzen, V. et al. Stem-cell ageing modified by the cyclin-dependent kinase inhibitor 
p16INK4a. Nature 443, 421 (2006). 

303. Goldsby, R.A., Kindt, T.J., Osborne, B.A. & Kuby, J. Immunology, (W. H. Freeman and 
company, New York, 2003). 

304. Janeway, C.A., Travers, P., Walport, M. & Shlomchik, M.J. Immunobiology: the immune 
system in health and disease, (Garland Science Publishing, New York, 2005). 

305. Akira, S., Takeda, K. & Kaisho, T. Toll-like receptors: critical proteins linking innate and 
acquired immunity. Nat Immunol 2, 675 (2001). 

306. Fanning, L.J., Connor, A.M. & Wu, G.E. Development of the Immunoglobulin Repertoire. 
Clinical Immunology and Immunopathology 79, 1 (1996). 

307. McFall-Ngai, M. Adaptive Immunity: Care for the community. Nature 445, 153 (2007). 
308. Blom, B. & Spits, H. Development of human lymphoid cells. Annu Rev Immunol 24, 287-320 

(2006).
309. Rossi, M.I. et al. B lymphopoiesis is active throughout human life, but there are developmental 

age-related changes. Blood 101, 576-84 (2003). 
310. Haddad, R. et al. Molecular characterization of early human T/NK and B-lymphoid progenitor 

cells in umbilical cord blood. Blood 104, 3918-26 (2004). 
311. LeBien, T.W. Fates of human B-cell precursors. Blood 96, 9-23 (2000). 
312. Reynaud, D., Lefort, N., Manie, E., Coulombel, L. & Levy, Y. In vitro identification of human 

pro-B cells that give rise to macrophages, natural killer cells, and T cells. Blood 101, 4313-21 
(2003).

313. Ghia, P. et al. Ordering of Human Bone Marrow B Lymphocyte Precursors by Single-Cell 
Polymerase Chain Reaction Analyses of the Rearrangement Status of the Immunoglobulin H 
and L Chain Gene Loci. J. Exp. Med. 184, 2217-2230 (1996). 

314. Bhandoola, A. & Sambandam, A. From stem cell to T cell: one route or many? Nat Rev 
Immunol 6, 117 (2006). 

315. Fearon, D.T., Manders, P. & Wagner, S.D. Arrested differentiation, the self-renewing memory 
lymphocyte, and vaccination. Science 293, 248-50 (2001). 

316. Scheeren, F.A. et al. STAT5 regulates the self-renewal capacity and differentiation of human 
memory B cells and controls Bcl-6 expression. Nat Immunol 6, 303-313 (2005). 

317. Zhang, Y., Joe, G., Hexner, E., Zhu, J. & Emerson, S.G. Host-reactive CD8+ memory stem 
cells in graft-versus-host disease. Nat Med 11, 1299 (2005). 

318. Luckey, C.J. et al. Memory T and memory B cells share a transcriptional program of self-
renewal with long-term hematopoietic stem cells. Proc Natl Acad Sci U S A 103, 3304-3309 
(2006).

 115 



References

319. Manz, R.A., Thiel, A. & Radbruch, A. Lifetime of plasma cells in the bone marrow. Nature
388, 133-4 (1997). 

320. Slifka, M.K., Antia, R., Whitmire, J.K. & Ahmed, R. Humoral immunity due to long-lived 
plasma cells. Immunity 8, 363-72 (1998). 

321. Stiller, C.A. Epidemiology and genetics of childhood cancer. Oncogene 23, 6429-44 (2004). 
322. Greaves, M.F. Aetiology of acute leukaemia. Lancet 349, 344-9 (1997). 
323. Margolin, J.F., Steuber, C.P. & Poplack, D.G. Acute lymphoblastic leukemia. in Principles and 

Practice of Pediatric Oncology (eds. Pizzo, P.A. & Poplack, D.G.) 489-544 (Lippincott 
Wiliams & Wilkins, Philadelphia, 2002).

324. Pedersen-Bjergaard, J. Insights into leukemogenesis from therapy-related leukemia. N Engl J 
Med 352, 1591-4 (2005). 

325. van den Bosch, C.A. Is endemic Burkitt's lymphoma an alliance between three infections and a 
tumour promoter? Lancet Oncol 5, 738-46 (2004). 

326. Klein, E., Kis, L.L. & Klein, G. Epstein-Barr virus infection in humans: from harmless to life 
endangering virus-lymphocyte interactions. Oncogene 26, 1297-1305 (2007). 

327. Hjalgrim, H. et al. Characteristics of Hodgkin's lymphoma after infectious mononucleosis. N
Engl J Med 349, 1324-32 (2003). 

328. McNally, R.J. & Eden, T.O. An infectious aetiology for childhood acute leukaemia: a review 
of the evidence. Br J Haematol 127, 243-63 (2004). 

329. Greaves, M.F. et al. Geographical distribution of acute lymphoblastic leukaemia subtypes: 
second report of the collaborative group study. Leukemia 7, 27-34 (1993). 

330. Greaves, M.F. Speculations on the cause of childhood acute lymphoblastic leukemia. Leukemia
2, 120-5 (1988). 

331. Knudson, A.G. Two genetic hits (more or less) to cancer. Nat Rev Cancer 1, 157-62 (2001). 
332. Wiemels, J.L. et al. Prenatal origin of acute lymphoblastic leukaemia in children. Lancet 354,

1499-503 (1999). 
333. Taub, J.W. et al. High frequency of leukemic clones in newborn screening blood samples of 

children with B-precursor acute lymphoblastic leukemia. Blood 99, 2992-6 (2002). 
334. Dow, L.W. et al. Evidence for clonal development of childhood acute lymphoblastic leukemia. 

Blood 66, 902-7 (1985). 
335. Raskind, W.H. & Fialkow, P.J. The use of cell markers in the study of human hematopoietic 

neoplasia. Adv Cancer Res 49, 127-67 (1987). 
336. Simone, J.V. History of the treatment of childhood ALL: A paradigm for cancer cure. Best

Practice & Research Clinical Haematology 19, 353 (2006). 
337. Pui, C.-H. & Evans, W.E. Treatment of Acute Lymphoblastic Leukemia. N Engl J Med 354,

166-178 (2006). 
338. Faderl, S., Kantarjian, H.M., Talpaz, M. & Estrov, Z. Clinical significance of cytogenetic 

abnormalities in adult acute lymphoblastic leukemia. Blood 91, 3995-4019 (1998). 
339. Romana, S.P. et al. The t(12;21) of acute lymphoblastic leukemia results in a tel-AML1 gene 

fusion. Blood 85, 3662-70 (1995). 
340. Golub, T.R. et al. Fusion of the TEL gene on 12p13 to the AML1 gene on 21q22 in acute 

lymphoblastic leukemia. Proc Natl Acad Sci U S A 92, 4917-21 (1995). 
341. Shurtleff, S.A. et al. TEL/AML1 fusion resulting from a cryptic t(12;21) is the most common 

genetic lesion in pediatric ALL and defines a subgroup of patients with an excellent prognosis. 
Leukemia 9, 1985-9 (1995). 

342. Romana, S.P. et al. High frequency of t(12;21) in childhood B-lineage acute lymphoblastic 
leukemia. Blood 86, 4263-9 (1995). 

343. Speck, N.A. & Gilliland, D.G. Core-binding factors in haematopoiesis and leukaemia. Nat Rev 
Cancer 2, 502-13 (2002). 

 116 



References

344. Ichikawa, M. et al. AML-1 is required for megakaryocytic maturation and lymphocytic 
differentiation, but not for maintenance of hematopoietic stem cells in adult hematopoiesis. Nat
Med 10, 299-304 (2004). 

345. Growney, J.D. et al. Loss of Runx1 perturbs adult hematopoiesis and is associated with a 
myeloproliferative phenotype. Blood 106, 494-504 (2005). 

346. Blyth, K., Cameron, E.R. & Neil, J.C. THE RUNX GENES: GAIN OR LOSS OF FUNCTION 
IN CANCER. Nat Rev Cancer 5, 376-387 (2005). 

347. Harewood, L. et al. Amplification of AML1 on a duplicated chromosome 21 in acute 
lymphoblastic leukemia: a study of 20 cases. Leukemia 17, 547-53 (2003). 

348. Robinson, H.M. et al. Amplification of AML1 in acute lymphoblastic leukemia is associated 
with a poor outcome. Leukemia 17, 2249-50 (2003). 

349. Moorman, A.V. et al. Prognosis of children with acute lymphoblastic leukemia (ALL) and 
intrachromosomal amplification of chromosome 21 (iAMP21). Blood 109, 2327-2330 (2007). 

350. Fenrick, R. et al. Both TEL and AML-1 contribute repression domains to the t(12;21) fusion 
protein. Mol Cell Biol 19, 6566-74 (1999). 

351. Lopez, R.G. et al. TEL is a sequence-specific transcriptional repressor. J Biol Chem 274,
30132-8 (1999). 

352. Sharrocks, A.D. THE ETS-DOMAIN TRANSCRIPTION FACTOR FAMILY. Nature
Reviews Molecular Cell Biology 2, 827 (2001). 

353. Hock, H. et al. Tel/Etv6 is an essential and selective regulator of adult hematopoietic stem cell 
survival. Genes Dev 18, 2336-41 (2004). 

354. Wiemels, J.L., Ford, A.M., Van Wering, E.R., Postma, A. & Greaves, M. Protracted and 
variable latency of acute lymphoblastic leukemia after TEL-AML1 gene fusion in utero. Blood
94, 1057-62 (1999). 

355. Greaves, M.F., Maia, A.T., Wiemels, J.L. & Ford, A.M. Leukemia in twins: lessons in natural 
history. Blood 102, 2321-2333 (2003). 

356. Mori, H. et al. Chromosome translocations and covert leukemic clones are generated during 
normal fetal development. Proc Natl Acad Sci U S A 99, 8242-7 (2002). 

357. Andreasson, P., Schwaller, J., Anastasiadou, E., Aster, J. & Gilliland, D.G. The expression of 
ETV6/CBFA2 (TEL/AML1) is not sufficient for the transformation of hematopoietic cell lines 
in vitro or the induction of hematologic disease in vivo. Cancer Genet Cytogenet 130, 93-104 
(2001).

358. Tsuzuki, S., Seto, M., Greaves, M. & Enver, T. Modeling first-hit functions of the t(12;21) 
TEL-AML1 translocation in mice. Proc Natl Acad Sci U S A 101, 8443-8 (2004). 

359. Fischer, M. et al. Defining the oncogenic function of the TEL/AML1 (ETV6/RUNX1) fusion 
protein in a mouse model. Oncogene 24, 7579-91 (2005). 

360. Morrow, M., Horton, S., Kioussis, D., Brady, H.J. & Williams, O. TEL-AML1 promotes 
development of specific hematopoietic lineages consistent with pre-leukemic activity. Blood
(2004).

361. Greaves, M.F. & Wiemel, J. Origins of chromosome translocations in childhood leukaemia. 
Nat Rev Cancer 3, 639-49 (2003). 

362. Bernardin, F. et al. TEL-AML1, expressed from t(12;21) in human acute lymphocytic 
leukemia, induces acute leukemia in mice. Cancer Res 62, 3904-8 (2002). 

363. Stegmaier, K. et al. Frequent loss of heterozygosity at the TEL gene locus in acute 
lymphoblastic leukemia of childhood. Blood 86, 38-44 (1995). 

364. Attarbaschi, A. et al. Incidence and relevance of secondary chromosome abnormalities in 
childhood TEL/AML1+ acute lymphoblastic leukemia: an interphase FISH analysis. Leukemia
18, 1611-6 (2004). 

365. Maia, A.T. et al. Molecular tracking of leukemogenesis in a triplet pregnancy. Blood 98, 478-
482 (2001). 

 117 



References

366. Ford, A.M. et al. Origins of "late" relapse in childhood acute lymphoblastic leukemia with 
TEL-AML1 fusion genes. Blood 98, 558-64 (2001). 

367. Konrad, M. et al. Late relapses evolve from slow-responding subclones in t(12;21)-positive 
acute lymphoblastic leukemia: evidence for the persistence of a preleukemic clone. Blood 101,
3635-40 (2003). 

368. Zuna, J. et al. TEL deletion analysis supports a novel view of relapse in childhood acute 
lymphoblastic leukemia. Clin Cancer Res 10, 5355-60 (2004). 

369. Zelent, A., Greaves, M. & Enver, T. Role of the TEL-AML1 fusion gene in the molecular 
pathogenesis of childhood acute lymphoblastic leukaemia. Oncogene 23, 4275-83 (2004). 

370. Sabaawy, H.E. et al. TEL-AML1 transgenic zebrafish model of precursor B cell acute 
lymphoblastic leukemia. Proc Natl Acad Sci U S A 103, 15166-15171 (2006). 

371. Hotfilder, M. et al. Immature CD34+CD19- progenitor/stem cells in TEL/AML1-positive acute 
lymphoblastic leukemia are genetically and functionally normal. Blood 100, 640-646 (2002). 

372. Borkhardt, A., Harbott, J. & Lampert, F. Biology and clinical significance of the TEL/AML1 
rearrangement. Curr Opin Pediatr 11, 33-8 (1999). 

373. Maloney, K. et al. TEL-AML1 fusion identifies a subset of children with standard risk acute 
lymphoblastic leukemia who have an excellent prognosis when treated with therapy that 
includes a single delayed intensification. Leukemia 13, 1708-12 (1999). 

374. Hubeek, I. et al. TEL/AML1 fusion is not a prognostic factor in Dutch childhood acute 
lymphoblastic leukaemia. Br J Haematol 113, 254-5 (2001). 

375. Li, Z. et al. Developmental stage-selective effect of somatically mutated leukemogenic 
transcription factor GATA1. Nat Genet 37, 613-9 (2005). 

376. Nowell, P.C. & Hungerford, D.A. Chromosome studies on normal and leukemic human 
leukocytes. J Natl Cancer Inst 25, 85-109 (1960). 

377. Baikie, A.G. et al. A possible specific chromosome abnormality in human chronic myeloid 
leukaemia. Nature 188, 1165-6 (1960). 

378. Rowley, J.D. Letter: A new consistent chromosomal abnormality in chronic myelogenous 
leukaemia identified by quinacrine fluorescence and Giemsa staining. Nature 243, 290-3 
(1973).

379. Goldman, J.M. & Melo, J.V. Chronic myeloid leukemia--advances in biology and new 
approaches to treatment. N Engl J Med 349, 1451-64 (2003). 

380. Gong, J.G. et al. The tyrosine kinase c-Abl regulates p73 in apoptotic response to cisplatin-
induced DNA damage. Nature 399, 806-9 (1999). 

381. Wang, J.Y. Regulation of cell death by the Abl tyrosine kinase. Oncogene 19, 5643-50 (2000). 
382. Vigneri, P. & Wang, J.Y. Induction of apoptosis in chronic myelogenous leukemia cells 

through nuclear entrapment of BCR-ABL tyrosine kinase. Nat Med 7, 228-34 (2001). 
383. Ren, R. Mechanisms of BCR-ABL in the pathogenesis of chronic myelogenous leukaemia. Nat

Rev Cancer 5, 172-83 (2005). 
384. Clarkson, B., Strife, A., Wisniewski, D., Lambek, C.L. & Liu, C. Chronic myelogenous 

leukemia as a paradigm of early cancer and possible curative strategies. Leukemia 17, 1211-62 
(2003).

385. Michor, F., Iwasa, Y. & Nowak, M.A. The age incidence of chronic myeloid leukemia can be 
explained by a one-mutation model. Proc Natl Acad Sci U S A 103, 14931-14934 (2006). 

386. Raskind, W.H. et al. Further evidence for the existence of a clonal Ph-negative stage in some 
cases of Ph-positive chronic myelocytic leukemia. Leukemia 7, 1163-7 (1993). 

387. Andersen, M.K., Pedersen-Bjergaard, J., Kjeldsen, L., Dufva, I.H. & Brondum-Nielsen, K. 
Clonal Ph-negative hematopoiesis in CML after therapy with imatinib mesylate is frequently 
characterized by trisomy 8. Leukemia 16, 1390-3 (2002). 

 118 



References

388. Bumm, T. et al. Emergence of clonal cytogenetic abnormalities in Ph- cells in some CML 
patients in cytogenetic remission to imatinib but restoration of polyclonal hematopoiesis in the 
majority. Blood 101, 1941-1949 (2003). 

389. O'Dwyer, M.E. et al. Demonstration of Philadelphia chromosome negative abnormal clones in 
patients with chronic myelogenous leukemia during major cytogenetic responses induced by 
imatinib mesylate. Leukemia 17, 481-7 (2003). 

390. Van Etten, R.A. Studying the pathogenesis of BCR-ABL+ leukemia in mice. Oncogene 21,
8643-51 (2002). 

391. Huettner, C.S., Zhang, P., Van Etten, R.A. & Tenen, D.G. Reversibility of acute B-cell 
leukaemia induced by BCR-ABL1. Nat Genet 24, 57-60 (2000). 

392. Biernaux, C., Loos, M., Sels, A., Huez, G. & Stryckmans, P. Detection of major bcr-abl gene 
expression at a very low level in blood cells of some healthy individuals. Blood 86, 3118-22 
(1995).

393. Bose, S., Deininger, M., Gora-Tybor, J., Goldman, J.M. & Melo, J.V. The presence of typical 
and atypical BCR-ABL fusion genes in leukocytes of normal individuals: biologic significance 
and implications for the assessment of minimal residual disease. Blood 92, 3362-7 (1998). 

394. Druker, B.J. et al. Efficacy and safety of a specific inhibitor of the BCR-ABL tyrosine kinase 
in chronic myeloid leukemia. N Engl J Med 344, 1031-7 (2001). 

395. Jones, R.L. & Judson, I.R. The development and application of imatinib. Expert Opin Drug Saf
4, 183-91 (2005). 

396. Gleissner, B. et al. Leading prognostic relevance of the BCR-ABL translocation in adult acute 
B-lineage lymphoblastic leukemia: a prospective study of the German Multicenter Trial Group 
and confirmed polymerase chain reaction analysis. Blood 99, 1536-43 (2002). 

397. Rieder, H. et al. Prognostic significance of additional chromosome abnormalities in adult 
patients with Philadelphia chromosome positive acute lymphoblastic leukaemia. Br J Haematol
95, 678-91 (1996). 

398. Kantarjian, H. et al. Significance of the P210 versus P190 molecular abnormalities in adults 
with Philadelphia chromosome-positive acute leukemia. Blood 78, 2411-2418 (1991). 

399. Schrappe, M. et al. Philadelphia chromosome-positive (Ph+) childhood acute lymphoblastic 
leukemia: good initial steroid response allows early prediction of a favorable treatment 
outcome. Blood 92, 2730-41 (1998). 

400. Cazzaniga, G. et al. Prospective molecular monitoring of BCR/ABL transcript in children with 
Ph+ acute lymphoblastic leukaemia unravels differences in treatment response. Br J Haematol
119, 445-53 (2002). 

401. van Rhee, F. et al. p190 BCR-ABL mRNA is expressed at low levels in p210-positive chronic 
myeloid and acute lymphoblastic leukemias. Blood 87, 5213-7 (1996). 

402. Pane, F. et al. Neutrophilic-chronic myeloid leukemia: a distinct disease with a specific 
molecular marker (BCR/ABL with C3/A2 junction). Blood 88, 2410-4 (1996). 

403. Verstovsek, S. et al. Neutrophilic-chronic myeloid leukemia. Cancer 94, 2416-2425 (2002). 
404. Lugo, T.G., Pendergast, A.M., Muller, A.J. & Witte, O.N. Tyrosine kinase activity and 

transformation potency of bcr-abl oncogene products. Science 247, 1079-82 (1990). 
405. Li, S., Ilaria, R.L., Jr., Million, R.P., Daley, G.Q. & Van Etten, R.A. The P190, P210, and P230 

forms of the BCR/ABL oncogene induce a similar chronic myeloid leukemia-like syndrome in 
mice but have different lymphoid leukemogenic activity. J Exp Med 189, 1399-412 (1999). 

406. Dameshek, W. Some speculations on the myeloproliferative syndromes. Blood 6, 372-5 
(1951).

407. Whang, J., Frei, E., 3rd, Tjio, J.H., Carbone, P.P. & Brecher, G. The Distribution Of The 
Philadelphia Chromosome In Patients With Chronic Myelogenous Leukemia. Blood 22, 664-
73 (1963). 

 119 



References

408. Martin, P.J. et al. Involvement of the B-lymphoid system in chronic myelogenous leukaemia. 
Nature 287, 49-50 (1980). 

409. Takahashi, N., Miura, I., Saitoh, K. & Miura, A.B. Lineage involvement of stem cells bearing 
the philadelphia chromosome in chronic myeloid leukemia in the chronic phase as shown by a 
combination of fluorescence-activated cell sorting and fluorescence in situ hybridization. Blood
92, 4758-63 (1998). 

410. Gunsilius, E. et al. Evidence from a leukaemia model for maintenance of vascular endothelium 
by bone-marrow-derived endothelial cells. Lancet 355, 1688-91 (2000). 

411. Eisterer, W. et al. Different subsets of primary chronic myeloid leukemia stem cells engraft 
immunodeficient mice and produce a model of the human disease. Leukemia (2005). 

412. Sirard, C. et al. Normal and leukemic SCID-repopulating cells (SRC) coexist in the bone 
marrow and peripheral blood from CML patients in chronic phase, whereas leukemic SRC are 
detected in blast crisis. Blood 87, 1539-1548 (1996). 

413. Wang, J.C. et al. High level engraftment of NOD/SCID mice by primitive normal and 
leukemic hematopoietic cells from patients with chronic myeloid leukemia in chronic phase. 
Blood 91, 2406-14 (1998). 

414. Verstegen, M.M., Cornelissen, J.J., Terpstra, W., Wagemaker, G. & Wognum, A.W. 
Multilineage outgrowth of both malignant and normal hemopoietic progenitor cells from 
individual chronic myeloid leukemia patients in immunodeficient mice. Leukemia 13, 618-28 
(1999).

415. Ouriaghli, F.E. et al. Clonal dominance of chronic myelogenous leukemia is associated with 
diminished sensitivity to the antiproliferative effects of neutrophil elastase. Blood 102, 3786-
3792 (2003). 

416. Lin, H. et al. Bcr-Abl-mediated suppression of normal hematopoiesis in leukemia. Oncogene
24, 3246-56 (2005). 

417. Holyoake, T.L., Jiang, X., Drummond, M.W., Eaves, A.C. & Eaves, C.J. Elucidating critical 
mechanisms of deregulated stem cell turnover in the chronic phase of chronic myeloid 
leukemia. Leukemia 16, 549-58 (2002). 

418. Gale, R.P. et al. Survival with bone marrow transplantation versus hydroxyurea or interferon 
for chronic myelogenous leukemia. The German CML Study Group. Blood 91, 1810-9 (1998). 

419. O'Brien, S.G. et al. Imatinib compared with interferon and low-dose cytarabine for newly 
diagnosed chronic-phase chronic myeloid leukemia. N Engl J Med 348, 994-1004 (2003). 

420. Roy, L. et al. Survival advantage from imatinib compared with the combination interferon-
alpha plus cytarabine in chronic-phase chronic myelogenous leukemia: historical comparison 
between two phase 3 trials. Blood 108, 1478-84 (2006). 

421. Deininger, M.W.N. Management of Early Stage Disease. Hematology 2005, 174-182 (2005). 
422. Rousselot, P. et al. Imatinib mesylate discontinuation in patients with chronic myelogenous 

leukemia in complete molecular remission for more than 2 years. Blood 109, 58-60 (2007). 
423. Gambacorti-Passerini, C.B. et al. Molecular mechanisms of resistance to imatinib in 

Philadelphia-chromosome-positive leukaemias. Lancet Oncol 4, 75-85 (2003). 
424. le Coutre, P. et al. Induction of resistance to the Abelson inhibitor STI571 in human leukemic 

cells through gene amplification. Blood 95, 1758-66 (2000). 
425. Gorre, M.E. et al. Clinical resistance to STI-571 cancer therapy caused by BCR-ABL gene 

mutation or amplification. Science 293, 876-80 (2001). 
426. Mahon, F.X. et al. MDR1 gene overexpression confers resistance to imatinib mesylate in 

leukemia cell line models. Blood 101, 2368-73 (2003). 
427. Michor, F. et al. Dynamics of chronic myeloid leukaemia. 435, 1267-1270 (2005). 
428. Holyoake, T., Jiang, X., Eaves, C. & Eaves, A. Isolation of a highly quiescent subpopulation of 

primitive leukemic cells in chronic myeloid leukemia. Blood 94, 2056-64 (1999). 

 120 



References

429. Graham, S.M. et al. Primitive, quiescent, Philadelphia-positive stem cells from patients with 
chronic myeloid leukemia are insensitive to STI571 in vitro. Blood 99, 319-325 (2002). 

430. Holtz, M.S., Forman, S.J. & Bhatia, R. Nonproliferating CML CD34(+) progenitors are 
resistant to apoptosis induced by a wide range of proapoptotic stimuli. Leukemia 19, 1034-41 
(2005).

431. La Rosee, P., Shen, L., Stoffregen, E.P., Deininger, M. & Druker, B.J. No correlation between 
the proliferative status of Bcr-Abl positive cell lines and the proapoptotic activity of imatinib 
mesylate (Gleevec/Glivec). Hematol J 4, 413-9 (2003). 

432. Jorgensen, H.G. et al. Intermittent Exposure of Primitive Quiescent Chronic Myeloid 
Leukemia Cells to Granulocyte-Colony Stimulating Factor In vitro Promotes their Elimination 
by Imatinib Mesylate. Clin Cancer Res 12, 626-633 (2006). 

433. Holtz, M., Forman, S.J. & Bhatia, R. Growth Factor Stimulation Reduces Residual Quiescent 
Chronic Myelogenous Leukemia Progenitors Remaining after Imatinib Treatment. Cancer Res
67, 1113-1120 (2007). 

434. White, D.L. et al. OCT-1-mediated influx is a key determinant of the intracellular uptake of 
imatinib but not nilotinib (AMN107): reduced OCT-1 activity is the cause of low in vitro 
sensitivity to imatinib. Blood 108, 697-704 (2006). 

435. Bedi, A. et al. BCR-ABL gene rearrangement and expression of primitive hematopoietic 
progenitors in chronic myeloid leukemia. Blood 81, 2898-902 (1993). 

436. Goldman, J. & Gordon, M. Why do chronic myelogenous leukemia stem cells survive 
allogeneic stem cell transplantation or imatinib: does it really matter? Leuk Lymphoma 47, 1-7 
(2006).

437. Copland, M. et al. Dasatinib (BMS-354825) targets an earlier progenitor population than 
imatinib in primary CML but does not eliminate the quiescent fraction. Blood 107, 4532-9 
(2006).

438. Jiang, X. et al. Leukemic stem cells of chronic phase CML patients consistently display very 
high BCR-ABL transcript levels and reduced responsiveness to imatinib mesylate in addition 
to generating a rare subset that produce imatinib mesylate-resistant differentiated progeny. 
Blood 104, 204a (2004). 

439. Melo, J.V., Myint, H., Galton, D.A. & Goldman, J.M. P190BCR-ABL chronic myeloid 
leukaemia: the missing link with chronic myelomonocytic leukaemia? Leukemia 8, 208-11 
(1994).

440. McLaughlin, J., Chianese, E. & Witte, O.N. Alternative forms of the BCR-ABL oncogene have 
quantitatively different potencies for stimulation of immature lymphoid cells. Mol Cell Biol 9,
1866-74 (1989). 

441. Roumiantsev, S., de Aos, I.E., Varticovski, L., Ilaria, R.L. & Van Etten, R.A. The src 
homology 2 domain of Bcr/Abl is required for efficient induction of chronic myeloid leukemia-
like disease in mice but not for lymphoid leukemogenesis or activation of phosphatidylinositol 
3-kinase. Blood 97, 4-13 (2001). 

442. Ilaria, R.L., Jr. & Van Etten, R.A. P210 and P190(BCR/ABL) induce the tyrosine 
phosphorylation and DNA binding activity of multiple specific STAT family members. J Biol 
Chem 271, 31704-10 (1996). 

443. Radich, J.P. et al. Detection of BCR-ABL fusion genes in adult acute lymphoblastic leukemia 
by the polymerase chain reaction. Leukemia 8, 1688-95 (1994). 

444. Radich, J. et al. Detection of bcr-abl transcripts in Philadelphia chromosome-positive acute 
lymphoblastic leukemia after marrow transplantation. Blood 89, 2602-9 (1997). 

445. Ko, B.S. et al. Additional chromosomal abnormalities and variability of BCR breakpoints in 
Philadelphia chromosome/BCR-ABL-positive acute lymphoblastic leukemia in Taiwan. Am J 
Hematol 71, 291-9 (2002). 

 121 



References

446. Jackson, G.H. et al. Philadelphia positive acute leukaemia with minor breakpoint cluster 
rearrangement may be a stem cell disease. Br J Haematol 81, 77-80 (1992). 

447. Haferlach, T. et al. New insights into the biology of Philadelphia-chromosome-positive acute 
lymphoblastic leukaemia using a combination of May-Grunwald-Giemsa staining and 
fluorescence in situ hybridization techniques at the single cell level. Br J Haematol 99, 452-9 
(1997).

448. Schenk, T.M. et al. Multilineage involvement of Philadelphia chromosome positive acute 
lymphoblastic leukemia. Leukemia 12, 666-74 (1998). 

449. Pajor, L. et al. The existence of lymphoid lineage restricted Philadelphia chromosome-positive 
acute lymphoblastic leukemia with heterogeneous bcr-abl rearrangement. Leukemia 14, 1122-6 
(2000).

450. Arico, M. et al. Outcome of treatment in children with Philadelphia chromosome-positive acute 
lymphoblastic leukemia. N Engl J Med 342, 998-1006 (2000). 

451. Uckun, F.M. et al. Clinical significance of Philadelphia chromosome positive pediatric acute 
lymphoblastic leukemia in the context of contemporary intensive therapies: a report from the 
Children's Cancer Group. Cancer 83, 2030-9 (1998). 

452. Dombret, H. et al. Outcome of treatment in adults with Philadelphia chromosome-positive 
acute lymphoblastic leukemia---results of the prospective multicenter LALA-94 trial. Blood
100, 2357-2366 (2002). 

453. Ottmann, O.G. & Wassmann, B. Treatment of Philadelphia Chromosome-Positive Acute 
Lymphoblastic Leukemia. Hematology 2005, 118-122 (2005). 

454. Schlieben, S. et al. Incidence and clinical outcome of children with BCR/ABL-positive acute 
lymphoblastic leukemia (ALL). A prospective RT-PCR study based on 673 patients enrolled in 
the German pediatric multicenter therapy trials ALL-BFM-90 and CoALL-05-92. Leukemia
10, 957-63 (1996). 

455. Secker-Walker, L.M., Craig, J.M., Hawkins, J.M. & Hoffbrand, A.V. Philadelphia positive 
acute lymphoblastic leukemia in adults: age distribution, BCR breakpoint and prognostic 
significance. Leukemia 5, 196-9 (1991). 

456. Scrideli, C.A. et al. Gene expression profile unravels significant differences between childhood 
and adult Ph+ acute lymphoblastic leukemia. Leukemia 17, 2234-2237 (2003). 

457. Yeoh, E.J. et al. Classification, subtype discovery, and prediction of outcome in pediatric acute 
lymphoblastic leukemia by gene expression profiling. Cancer Cell 1, 133-43 (2002). 

458. Fine, B.M. et al. Gene expression patterns associated with recurrent chromosomal 
translocations in acute lymphoblastic leukemia. Blood 103, 1043-1049 (2004). 

459. Avivi, I. & Goldstone, A.H. Bone marrow transplant in Ph+ ALL patients. Bone Marrow 
Transplant 31, 623-32 (2003). 

460. Simone, J., Aur, R.J., Hustu, H.O. & Pinkel, D. "Total therapy" studies of acute lymphocytic 
leukemia in children. Current results and prospects for cure. Cancer 30, 1488-94 (1972). 

461. Arico, M. et al. The Seventh International Childhood Acute Lymphoblastic Leukemia 
Workshop Report: Palermo, Italy, January 29-30, 2005. 19, 1145-1152 (2005). 

462. Schrappe, M. et al. Long-term results of four consecutive trials in childhood ALL performed 
by the ALL-BFM study group from 1981 to 1995. Berlin-Frankfurt-Munster. Leukemia 14,
2205-22 (2000). 

463. Gaynon, P.S. et al. Children's Cancer Group trials in childhood acute lymphoblastic leukemia: 
1983-1995. Leukemia 14, 2223-33 (2000). 

464. Silverman, L.B. et al. Results of Dana-Farber Cancer Institute Consortium protocols for 
children with newly diagnosed acute lymphoblastic leukemia (1981-1995). Leukemia 14, 2247-
56 (2000). 

 122 



References

465. Gustafsson, G. et al. Improving outcome through two decades in childhood ALL in the Nordic 
countries: the impact of high-dose methotrexate in the reduction of CNS irradiation. Nordic 
Society of Pediatric Haematology and Oncology (NOPHO). Leukemia 14, 2267-75 (2000). 

466. Pui, C.H. et al. Improved outcome for children with acute lymphoblastic leukemia: results of 
Total Therapy Study XIIIB at St Jude Children's Research Hospital. Blood 104, 2690-6 (2004). 

467. Sallan, S.E. Myths and Lessons from the Adult/Pediatric Interface in Acute Lymphoblastic 
Leukemia. Hematology 2006, 128-132 (2006). 

468. Boissel, N. et al. Should adolescents with acute lymphoblastic leukemia be treated as old 
children or young adults? Comparison of the French FRALLE-93 and LALA-94 trials. J Clin 
Oncol 21, 774-80 (2003). 

469. de Bont, J.M. et al. Significant difference in outcome for adolescents with acute lymphoblastic 
leukemia treated on pediatric vs adult protocols in the Netherlands. Leukemia 18, 2032-5 
(2004).

470. Schiffer, C.A. Differences in outcome in adolescents with acute lymphoblastic leukemia: a 
consequence of better regimens? Better doctors? Both? J Clin Oncol 21, 760-1 (2003). 

471. Kersey, J.H. Fifty years of studies of the biology and therapy of childhood leukemia. Blood 90,
4243-51 (1997). 

472. Abbott, A. Cancer: The root of the problem. Nature 442, 742 (2006). 
473. Fidler, I.J. & Hart, I.R. Biological diversity in metastatic neoplasms: origins and implications. 

Science 217, 998-1003 (1982). 
474. Heppner, G.H. Tumor heterogeneity. Cancer Res 44, 2259-65 (1984). 
475. Nowell, P.C. Mechanisms of tumor progression. Cancer Res 46, 2203-7 (1986). 
476. Park, C.H., Bergsagel, D.E. & McCulloch, E.A. Mouse myeloma tumor stem cells: a primary 

cell culture assay. J Natl Cancer Inst 46, 411-22 (1971). 
477. Hamburger, A.W. & Salmon, S.E. Primary bioassay of human tumor stem cells. Science 197,

461-3 (1977). 
478. Southam, C.M. & Brunschwig, A. Quantitative studies of autotransplantation of human cancer. 

Cancer 14, 971-978 (1961). 
479. Bruce, W.R. & Van Der Gaag, H. A Quantitative Assay For The Number Of Murine 

Lymphoma Cells Capable Of Proliferation In Vivo. Nature 199, 79-80 (1963). 
480. Bergsagel, D.E. & Valeriote, F.A. Growth characteristics of a mouse plasma cell tumor. 

Cancer Res 28, 2187-96 (1968). 
481. Fidler, I.J. & Kripke, M.L. Metastasis results from preexisting variant cells within a malignant 

tumor. Science 197, 893-5 (1977). 
482. McCulloch, E.A. Stem cells in normal and leukemic hemopoiesis (Henry Stratton Lecture, 

1982). Blood 62, 1-13 (1983). 
483. Warner, J.K., Wang, J.C., Hope, K.J., Jin, L. & Dick, J.E. Concepts of human leukemic 

development. Oncogene 23, 7164-77 (2004). 
484. Huntly, B.J.P. & Gilliland, D.G. Leukemia stem cells and the evolution of cancer-stem-cell 

research. Nat Rev Cancer 5, 311-321 (2005). 
485. Lapidot, T. et al. A cell initiating human acute myeloid leukaemia after transplantation into 

SCID mice. Nature 367, 645-8 (1994). 
486. Al-Hajj, M., Wicha, M.S., Benito-Hernandez, A., Morrison, S.J. & Clarke, M.F. Prospective 

identification of tumorigenic breast cancer cells. Proc Natl Acad Sci U S A 100, 3983-3988 
(2003).

487. Prince, M.E. et al. Identification of a subpopulation of cells with cancer stem cell properties in 
head and neck squamous cell carcinoma. Proc Natl Acad Sci U S A 104, 973-978 (2007). 

488. Li, C. et al. Identification of Pancreatic Cancer Stem Cells. Cancer Res 67, 1030-1037 (2007). 
489. Collins, A.T., Berry, P.A., Hyde, C., Stower, M.J. & Maitland, N.J. Prospective Identification 

of Tumorigenic Prostate Cancer Stem Cells. Cancer Res 65, 10946-10951 (2005). 

 123 



References

490. Pearce, D.J. et al. AML engraftment in the NOD/SCID assay reflects the outcome of AML: 
implications for our understanding of the heterogeneity of AML. Blood 107, 1166-1173 
(2006).

491. Somervaille, T.C.P. & Cleary, M.L. Identification and characterization of leukemia stem cells 
in murine MLL-AF9 acute myeloid leukemia. Cancer Cell 10, 257 (2006). 

492. Hope, K.J., Jin, L. & Dick, J.E. Acute myeloid leukemia originates from a hierarchy of 
leukemic stem cell classes that differ in self-renewal capacity. Nat Immunol 5, 738-43 (2004). 

493. Cobaleda, C. et al. A primitive hematopoietic cell is the target for the leukemic transformation 
in human Philadelphia-positive acute lymphoblastic leukemia. Blood 95, 1007-1013 (2000). 

494. George, A.A. et al. Detection of leukemic cells in the CD34+CD38{-} bone marrow progenitor 
population in children with acute lymphoblastic leukemia. Blood 97, 3925-3930 (2001). 

495. Hope, K.J., Jin, L. & Dick, J.E. Human acute myeloid leukemia stem cells. Arch Med Res 34,
507-14 (2003). 

496. Nilsson, L. et al. Involvement and functional impairment of the CD34+CD38-Thy-1+ 
hematopoietic stem cell pool in myelodysplastic syndromes with trisomy 8. Blood 100, 259-
267 (2002). 

497. Nilsson, L. et al. Isolation and characterization of hematopoietic progenitor/stem cells in 5q-
deleted myelodysplastic syndromes: evidence for involvement at the hematopoietic stem cell 
level. Blood 96, 2012-2021 (2000). 

498. Satoh, C. & Ogata, K. Hypothesis: Myeloid-restricted hematopoietic stem cells with self-
renewal capacity may be the transformation site in acute myeloid leukemia. Leukemia
Research 30, 491-495 (2006). 

499. Sudo, K., Ema, H., Morita, Y. & Nakauchi, H. Age-associated characteristics of murine 
hematopoietic stem cells. J Exp Med 192, 1273-80 (2000). 

500. Muller-Sieburg, C.E., Cho, R.H., Karlsson, L., Huang, J.-F. & Sieburg, H.B. Myeloid-biased 
hematopoietic stem cells have extensive self-renewal capacity but generate diminished 
lymphoid progeny with impaired IL-7 responsiveness. Blood 103, 4111-4118 (2004). 

501. Jamieson, C.H. et al. Granulocyte-macrophage progenitors as candidate leukemic stem cells in 
blast-crisis CML. N Engl J Med 351, 657-67 (2004). 

502. Cozzio, A. et al. Similar MLL-associated leukemias arising from self-renewing stem cells and 
short-lived myeloid progenitors. Genes Dev 17, 3029-35 (2003). 

503. Huntly, B.J. et al. MOZ-TIF2, but not BCR-ABL, confers properties of leukemic stem cells to 
committed murine hematopoietic progenitors. Cancer Cell 6, 587-96 (2004). 

504. Krivtsov, A.V. et al. Transformation from committed progenitor to leukaemia stem cell 
initiated by MLL-AF9. Nature 442, 818-822 (2006). 

505. Duelli, D. & Lazebnik, Y. Cell fusion: a hidden enemy? Cancer Cell 3, 445-8 (2003). 
506. Li, F., Benjamin, T., Joan, M. & Yibin, K. Beyond tumorigenesis: cancer stem cells in 

metastasis. Cell Res (2006). 
507. Pardal, R., Clarke, M.F. & Morrison, S.J. Applying the principles of stem-cell biology to 

cancer. Nat Rev Cancer 3, 895-902 (2003). 
508. Guzman, M.L. et al. Nuclear factor-kappaB is constitutively activated in primitive human acute 

myelogenous leukemia cells. Blood 98, 2301-7 (2001). 
509. Guan, Y., Gerhard, B. & Hogge, D.E. Detection, isolation, and stimulation of quiescent 

primitive leukemic progenitor cells from patients with acute myeloid leukemia (AML). Blood
101, 3142-9 (2003). 

510. Dean, M., Fojo, T. & Bates, S. Tumour stem cells and drug resistance. Nat Rev Cancer 5, 275-
284 (2005). 

511. Terpstra, W. et al. Fluorouracil selectively spares acute myeloid leukemia cells with long-term 
growth abilities in immunodeficient mice and in culture. Blood 88, 1944-50 (1996). 

 124 



References

512. Costello, R.T. et al. Human acute myeloid leukemia CD34+/CD38- progenitor cells have 
decreased sensitivity to chemotherapy and Fas-induced apoptosis, reduced immunogenicity, 
and impaired dendritic cell transformation capacities. Cancer Res 60, 4403-11 (2000). 

513. Blair, A. & Sutherland, H.J. Primitive acute myeloid leukemia cells with long-term 
proliferative ability in vitro and in vivo lack surface expression of c-kit (CD117). Exp Hematol
28, 660-71 (2000). 

514. Jordan, C.T. et al. The interleukin-3 receptor alpha chain is a unique marker for human acute 
myelogenous leukemia stem cells. Leukemia 14, 1777-84 (2000). 

515. Feuring-Buske, M. & Hogge, D.E. Hoechst 33342 efflux identifies a subpopulation of 
cytogenetically normal CD34(+)CD38(-) progenitor cells from patients with acute myeloid 
leukemia. Blood 97, 3882-9 (2001). 

516. Taipale, J. & Beachy, P.A. The Hedgehog and Wnt signalling pathways in cancer. Nature 411,
349-354 (2001). 

517. Beachy, P.A., Karhadkar, S.S. & Berman, D.M. Tissue repair and stem cell renewal in 
carcinogenesis. Nature 432, 324-31 (2004). 

518. Chung, E.J. et al. Regulation of leukemic cell adhesion, proliferation, and survival by beta-
catenin. Blood 100, 982-90 (2002). 

519. Qiang, Y.W., Endo, Y., Rubin, J.S. & Rudikoff, S. Wnt signaling in B-cell neoplasia. 
Oncogene 22, 1536-45 (2003). 

520. Roman-Gomez, J. et al. Epigenetic regulation of WNT signaling pathway in acute 
lymphoblastic leukemia. Blood (2006). 

521. Caussinus, E. & Gonzalez, C. Induction of tumor growth by altered stem-cell asymmetric 
division in Drosophila melanogaster. Nat genetics 37, 1125-1129 (2005). 

522. Clevers, H. Stem cells, asymmetric division and cancer. Nat Genet 37, 1027-8 (2005). 
523. Guzman, M.L. et al. Preferential induction of apoptosis for primary human leukemic stem 

cells. Proc Natl Acad Sci U S A 99, 16220-16225 (2002). 
524. Yilmaz, O.H. et al. Pten dependence distinguishes haematopoietic stem cells from leukaemia-

initiating cells. Nature 441, 475-82 (2006). 
525. Guzman, M.L. et al. The sesquiterpene lactone parthenolide induces apoptosis of human acute 

myelogenous leukemia stem and progenitor cells. Blood 105, 4163-9 (2005). 
526. Jordan, C.T. The leukemic stem cell. Best Practice & Research Clinical Haematology 20, 13 

(2007).
527. Stephenson, W.T., Poirier, S.M., Rubin, L. & Einhorn, L.H. Evaluation of reproductive 

capacity in germ cell tumor patients following treatment with cisplatin, etoposide, and 
bleomycin. J Clin Oncol 13, 2278-80 (1995). 

528. Passegue, E., Jamieson, C.H.M., Ailles, L.E. & Weissman, I.L. Normal and leukemic 
hematopoiesis: Are leukemias a stem cell disorder or a reacquisition of stem cell 
characteristics? Proc Natl Acad Sci U S A 100, 11842-11849 (2003). 

529. Wang, J.C. & Dick, J.E. Cancer stem cells: lessons from leukemia. Trends Cell Biol 15, 494-
501 (2005). 

530. Russell, N.H. Biology of acute leukaemia. Lancet 349, 118-22 (1997). 
531. Pui, C.H. et al. Characterization of childhood acute leukemia with multiple myeloid and 

lymphoid markers at diagnosis and at relapse. Blood 78, 1327-37 (1991). 
532. Creutzig, U. et al. Clinical significance of surface antigen expression in children with acute 

myeloid leukemia: results of study AML-BFM-87. Blood 86, 3097-108 (1995). 
533. Dorshkind, K. & Montecino-Rodriguez, E. Fetal B-cell lymphopoiesis and the emergence of 

B-1-cell potential. Nat Rev Immunol 7, 213 (2007). 
534. Nishigaki, H. et al. Prevalence and growth characteristics of malignant stem cells in B-lineage 

acute lymphoblastic leukemia. Blood 89, 3735-44 (1997). 

 125 



References

535. Toyoda, Y. et al. Six months of maintenance chemotherapy after intensified treatment for acute 
lymphoblastic leukemia of childhood. J Clin Oncol 18, 1508-16 (2000). 

536. Ferrando, A.A. et al. Gene expression signatures in MLL-rearranged T-lineage and B-precursor 
acute leukemias: dominance of HOX dysregulation. Blood 102, 262-8 (2003). 

537. Ross, M.E. et al. Classification of pediatric acute lymphoblastic leukemia by gene expression 
profiling. Blood 102, 2951-9 (2003). 

538. Andersson, A. et al. Molecular signatures in childhood acute leukemia and their correlations to 
expression patterns in normal hematopoietic subpopulations. Proc Natl Acad Sci 102, 19069-
19074 (2005). 

539. Haferlach, T. et al. Gene expression profiling for the diagnosis of acute leukaemia. Br J Cancer
96, 535-40 (2007). 

540. Semenza, G.L. HIF-1 and human disease: one highly involved factor. Genes Dev 14, 1983-91 
(2000).

 126 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




