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Abstract
Hematopoietic stem cells (HSCs) have the immense task of supplying an organism with enough
blood to sustain a lifespan. Much of what is known about how this scant population of cells can
meet the varying demand of producing more than 1011 cells per day comes from studies conducted
in an animal that is a fraction of our size and lives roughly 1/30th of our lifespan. The differences
in longevity can be expected to impose different demands on a cell essential for existence. It is
therefore unsurprising that while the mouse has proven invaluable in defining the organizing
principals of how hematopoiesis is governed, mediators of cell localization as well as a range of
experimental methods, the differences in cell cycling, DNA repair and specific molecular features
of hematopoietic stem cells in humans are evident and important. Here, the utility and drawbacks
of the mouse as an experimental model for human hematopoietic stem cell biology are discussed.

Introduction
Hematopoietic stem cells (HSCs) represent the first identified and most well characterized
adult stem cell. The clinical use of HSCs to treat a variety of human disorders and diseases
has also made them a key building block in the foundation of regenerative medicine. Much
of our understanding regarding the regulation and function of HSCs comes from decades of
seminal studies performed in mice. Our goal is to briefly summarize the knowledge of HSC
biology that has been productively gained from mouse models and to also note differences
in HSC biology between mice and humans that may color the application of lessons from the
mouse to human settings.

Developmental origin of HSCs
The hematopoietic stem cell (HSC) is defined as a multipotent cell capable of both
duplicating itself (self-renew) as well as generating all the mature cell lineages that comprise
the blood. The pool of adult HSCs required to support the hematopoietic system over the
lifespan of both mice and humans are generated by the mesoderm during embryogenesis.
Several distinct pools of hematopoietic stem and progenitors (HSPCs) have been identified
at different stages and anatomical locations throughout embryogenesis and while most
extensively characterized in the mouse, it appears parallel processes occur in humans
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The prevailing consensus about the cellular origin of primitive HSCs in vertebrates is that
they are produced by a mesodermal precursor cell, called the hemangioblast, which gives
rise to both hematopoietic and endothelial lineages. 1,2 Anatomically, the earliest sign of
hematopoietic activity in both humans and mice can be found in the yolk sac. These
hematopoietic progenitors are lineage restricted, capable of selectively producing myeloid
and erythroid cells and lack the ability to support long-term hematopoiesis. 34 In the embryo
proper, definitive HSCs first emerge in the aorta-gonad-mesonephros (AGM) region of both
humans and mice as well as the vitelline and umbilical arteries of the murine embryo.5,6

Additionally, primitive HSCs have also been found in the placentas of humans and mice
indicating that extra-embryonic tissue may also be an important contributor of the HSC
pool. Whether these HSC pools develop independently or are produced in a common
location and subsequently migrate to distinct residences remains controversial. The
definitive HSCs of the AGM, and possibly the extra-embryonic tissue, colonize the fetal
liver where they undergo extensive cell division expanding the HSC pool. These cells
migrate through the blood to the nascent bone marrow when ossification is first occurring
and provide lifelong hematopoiesis. Their trafficking from bone marrow to blood and back
appears to continue throughout life and the canonical processes of trafficking appear to be
shared at both the cellular and molecular level; an issue of clinical importance discussed
below.

The existence of the HSC
Perhaps the most compelling evidence of the utility of the mouse model for human biology
is in the experimental definition of the hematopoietic stem cell (HSC). The initial
proposition that a stem cell provided the basis for all blood cells was the ‘unifying
hypothesis for hematopoiesis’ of Artur Pappenheim in 1905.7 The concept was an
intellectual construct of relatively little consequence until the advent of nuclear weapons in
WWII. In that context, the possibility of stem cells as a countermeasure against the
devastating consequences of radiation on blood cell production greatly increased interest in
determining whether the entity actually existed.

At that time, there was still debate about the existence of a stem cell with the competing
hypothesis proposing that cells were capable of regenerating themselves, a notion largely
driven by observations about tumor cells. Canadian scientists James Till and Ernest
McCulloch who were determining the number of untreated donor bone marrow cells
required to rescue mice exposed to supralethal doses of radiation capitalized on the
observation that transplanted recipients develop gross splenic nodules.8,9 In collaboration
with Drs. Andrew Becker and Louis Siminovitch, Till and McCulloch established that a
select progenitor population of hematopoietic cells can self-renewal and expand clonally to
give rise to mature lineages.9,10 They hypothesized that the splenic nodules were the result
of an individual cell engrafting in the spleen and expanding to form a colony, much in the
same way colonies of organisms grew in microbiologic assays. To formally prove the clonal
origin of the nodules, Till and McCulloch performed a brilliant experiment in which they
transplanted cells from an animal into a lethally irradiated recipient, exposed the recipient to
sub-lethal doses of radiation sufficient to induce karyotypic alterations thereby creating a
genetic mark in cells. By painstakingly examining the chromosomal spreads on individual
nodules, they showed that within a given nodule, the karyotypic abnormality was
consistently present, but that it was different in a neighboring nodule. Further, the nodules
contained mature blood cells and, in a separate set of experiments, were shown to be capable
of transplantation into a second irradiated host. The cardinal features of stem cells,
differentiation and self-renewal were therefore experimentally defined.
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These studies were a landmark for the study of hematopoiesis and they provided the
scientific basis for continuing clinical bone marrow transplant efforts in people even after
the early days of that area of medicine were cast in deep shadow by high rates of morbidity
and mortality. Importantly, these studies also provided the gold standard for experimentally
defining stem cells in other tissues and firmly established the mouse as a model in which
such experiments could be effectively conducted.

Determining the face of the HSC
Though the existence of the HSC was realized in the 1960s, their rarity and indistinguishable
morphology stymied their identification for nearly 25 years. The advent of monoclonal
antibody production and laser based instruments to quantify and isolate cells based on
antibody based fluorescent tags (fluorescence activated cell sorting or FACS) were
powerfully put to use by Dr. Irving Weissman and others to determine if stem cells had
distinctive surface antigens. Leveraging the transplant model, they took subsets of cells
isolated by virtue of distinct antibody binding profiles and defined those where blood
repopulating ability was enriched. This strategy provided the first effective means of
segregating repopulating from non-repopulating fractions from a heterogeneous mixture of
bone marrow mononuclear cells.11 This approach has been repeated by a number of
laboratories in a manner resembling the peeling of an onion to gain progressively more
enriched stem cell populations. These populations have been marked by expression of cKit/
CD11712, CD15013 and the absence of CD34, Flk-2/Flt3, CD48 and CD244.14,15 We also
note that murine HSCs have also been segregated based on their ability to efflux dyes
(Rhodamine) as well as their cell cycle state.16–18

Using surface-protein profiles to purify mouse HSCs laid the foundation for identifying the
cognate human HSC profile, but the process was encumbered by the absence of a solid assay
for human HSC. This technical limitation was partially overcome by the pioneering work of
John Dick who established xenotransplant models where multi-immunodeficient mice could
be reliably engrafted by human hematopoietic cells.19 This advance enabled the testing of in
vivo repopulating ability of subsets of human hematopoietic cells, albeit without the
efficiencies associated with mouse-mouse transplant assays. Comparison of the surface
marker profiles of cell subsets enriched for repopulating ability indicated that antigens like
c-kit and the absence of lineage specific antigens were shared between human and mouse
repopulating cells. However, it made apparent how distinctive the human antigen signature
is. For example, while CD34 expression is present on human repopulating cells, its
expression is minimal on mouse repopulating cells and marks more differentiated
progenitors.14 Also, there is no good paralogue for some markers; Sca-1 is very useful in
mouse HSC isolation, but no such molecule exists in human. The ‘SLAM’ signature of
antigens so useful for mouse HSC is not sufficient for isolating human or non-human
primate HSC.20 Therefore, the mouse has provided the method to identify cell surface
signature molecules on human HSC, but the specific signatures are divergent.

There are indications that biologic differences that are not simply due to divergent ‘marker’
gene expression. This is evident with cell isolation strategies based on function. For
example, the exclusion or extrusion of dyes such as rhodamine or Hoescht33342 was noted
to be a property of the mouse HSC and attributed to differential ABC transporter
activity.18,21 This led to a highly useful means of isolating HSCs in mouse based on a so-
termed “side population” when FACS sorting Hoescht33342 stained bone marrow cells.
However, similar gating on primate cells is not as enriching. Conversely, isolating HSCs
based on resistance to cytokine and anti-metabolite exposure ex vivo, can be used on slowly
turning over human bone marrow cells, but not the more rapidly cycling mouse cells.22
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These differences reflect distinct functional attributes that encourage caution when
extending results in the mouse to the human.

HSC number
The ability to identify stem cells by their reconstituting function and their flow cytometric
features has led to efforts to quantify stem cells in bone marrow and in the whole organism.
In a series of elegant studies, Janis Abkowitz and colleagues used quantification by
transplant to define the total body number of HSC in the mouse and the cat.23 Notably, a
comparable number of HSC were calculated. Given the difference in the total number of
blood cells between the mouse and much larger, much longer lived mammal, the authors
concluded that there must be marked differences in the number of descendent cells that
could be generated per HSC in the cat and in the relative turnover time of the HSC pool.
These studies further prompted attention to whether HSC cell cycle kinetics in primates
were very different than those calculated for the mouse.

HSC cycling
The ability of humans to tolerate repeated cycles of continuously infused cell cycle specific
cytotoxic agents such as 5-fluorouracil led to reasonable conjecture that HSC are largely
quiescent, non-cycling cells. However, the mouse model suggested otherwise. While the
quiescent fraction of the bone marrow was enriched in HSC and immunophenotypically
isolated HSC expressed cycle restricting genes relative to progenitor cells, other data
indicated that this relative difference was not reflective of deep quiescence.24,25 The
thymidine analog, BrdU, that is selectively incorporated by cells during the DNA synthesis
phase (S-phase) of the cell cycle was used to demonstrate that mouse HSC cycle
asynchronously with approximately 8% of HSC cycling at any given time and that HSCs
divide between 30 and 57 days.26,27 Additional studies using a refined definition of murine
HSCs have suggested that BrdU-labeling is sub-optimal due to toxicity 28 and studies using
inducible Histone H2B-GFP fusion protein to label cell divisions determined that there is
heterogeneity within the stem cell pool with a subset of HSC turning over rapidly but a more
dormant portion dividing only every 145 days.29,30

HSC cycling in non-human primates was examined using BrdU uptake and indicated that
indeed cycling times were markedly longer than those found when similar methods were
applied to the mouse with the frequency of HSC division estimated to be only once per year
in baboons.26,27,31 The principles of hemizygous selection in which the drift in the
distribution of X-chromsome inactivation, is assessed over time and used to estimate the
activity of HSC was applied to a cohort of over 1200 women by the Abkowitz laboratory to
determine the replication rate of human HSCs.32 Using several mathematical models, human
HSCs are estimated to replicate once every 40 weeks on average.32 These data starkly
contrast with replication rates of murine HSCs (once every 2.5 weeks) or cats (once per 8.3
weeks) when assessed by similar methods. The data do indicate that the number of cell
division expected over the lifetime of the respective animals would therefore be
approximately equivalent. However, they imply that the relative contribution of active HSCs
to quiescent clones is dramatically different among animals. The steady state ratio of active
clones contributing to hematopoiesis compared with quiescent clones is approximately 1.46
for mice, 0.677 for cats and 0. 116 for humans. Therefore, human cycling kinetics and
population dynamics are not well recapitulated in the mouse. The mouse has been a superb
model for enabling questions about cycling and population dynamics to be raised and
experimentally tested, but extension of the results from the mouse to the human is done with
peril. Cycling and clonal activity are distinctly different between animals. It therefore cannot
be assumed that the molecular phenomena regulating these events is identical. The place
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where HSC regulation is conducted is the bone marrow in a specialized microenvironment
termed the niche.

The HSC niche
When Till and McCulloch were experimentally defining the HSC other laboratories were
examining where they resided and how they might be grown. Experiments using lead
shielding specific anatomic sites demonstrated that blood repopulating cells did indeed
reside in bones33 and removal of central marrow of long bones indicated that primitive
hematopoietic cells resided in close proximity to the endosteal bone surface.34 Dexter used
ex vivo culture systems to show that primitive hematopoietic cells depended on the non-
hematopoietic cells of ‘stroma’ for their persistence.35 But it was Raymond Schofield who
first posed the notion that the HSC depended upon a specialized niche based on his
observations using the Till and McCulloch method of stem cell enumeration. 36 He found
that the putative stem cells generating colonies in the spleen were less robust at repopulating
irradiated animals if derived from the spleen than if derived from the bone marrow. He
therefore articulated the niche hypothesis that there is an anatomically definable
microenvironment that governs the persistence and regulated differentiation of stem cells.
He had no experimental system by which to test the hypothesis, but using observational
evidence derived from the mouse, provided a central principal for stem cell biology that
appears to be valid in far more than murine restricted systems.

Reasoning that bone regulates bone marrow, simple modifications of specific bone cells
were tested by our laboratory and independently (using a more generalized model since
shown to be consistent with modification of a bone stem/progenitor cell) the laboratory of
Linheng Li and both documented that altered osteolineage cell activity resulted in altered
primitive hematopoietic cell number.37,38 These data provided support for the niche
hypothesis in mammals and prompted extensive assessment for cells contributing to HSC
regulation in the bone marrow of mice.

A number of elegant murine-based studies, have since shown that many different cell types
contribute to the bone marrow HSC niche. These range from endothelial cells to multiple
mesenchymal cells, to neural cells to blood cells.39–46 Among mesenchymal cells there are
those of osteolineage, more immature Nestin-postive-mesenchymal stem cells (MSCs),
Leptin receptor positive perivascular cells and interstitial stellate cells positively affecting
HSC while adipocytes have been shown to negatively influence HSC number.47–50 In
addition, studies have indicated that more mature osteoblasts participate in the ability of G-
CSF to mobilize HSC.51 Whether these populations participate in regulating human HSC
number or function is still to be defined.

Efforts are underway to identify correspondent cell types between mouse and human bone
marrow stroma. For example, the Nestin expressing mesenchymal cell found in mouse, is
found in neonatal human bone marrow and there is evidence that it may be capable of
regulating hematopoietic cells. (Frenette: personal communication; in press) The ability to
define human homologues of the cells regulating hematopoiesis in the mouse may be of
particular importance in three contexts defined by studies in mouse models. The first is
localization, a process important in being able to both mobilize stem cells for harvesting and
in the ability to engraft stem cells, both highly relevant for clinical hematopoietic stem cell
transplantation. The second, in the ability to augment niche effects on HSC number as a
means of altering regeneration and the third, as a participant in hematopoietic disease. Each
of these has been documented in the mouse and each has been shown to be altered by drug-
based interactions. Therefore the rationale provided by the mouse is strong impetus for
human investigation.
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Stem cell localization
Stem cells capable of repopulating an animal were first described to be in the blood of adult
animals in the mouse. The ability to use blood as a source of stem cells for transplantation
was constrained by the number of cells in the blood under steady-state conditions and
therefore, it was of great interest when specific cytokines were found to augment HSC
numbers in the blood. These studies resulted in the testing and ultimate adoption of G-CSF
mobilization as common clinical practice to harvest stem cells for both autologous and
allogeneic transplantation. The mouse provided the basis for beginning to unravel how G-
CSF exerts this affect, providing tractable models for examining the histology of the
marrow, manipulate specific subsets of cells and alter activity of pathways hypothesized to
be relevant.

One such pathway is that of CXCR4/CXCL12 signaling. The CXCL12 (or SDF-1)
chemokine was shown to be important for primitive hematopoietic cells through mouse
studies in which animals engineered to be deficient in either the ligand or receptor had
evidence of compromised hematopoiesis.52,53 The CXCR4 deleted animal was particularly
interesting because it did have evidence of immature hematopoietic cells in the blood,
although transplantion of these progenitors could successfullyly engraft and repopulate of an
irradiated recipient mouse. The first evidence for pharmacologic modulation of the
CXCL12/CXCR4 axis as a means of mobilizing stem cells was from our laboratory where a
variant of CXCL12 that caused persistent internalization of the CXCR4 receptor resulted in
a 30-fold increase in primitive hematopoietic cells in the blood of mice.54 Concurrent with
these studies, pharmacologic modifiers of CXCR4 were being developed as possible anti-
HIV medications given the dependence of a subset of HIV-1 on CXCR4 for lymphocyte
infection. With additional mouse data indicating the potential for enhancing mobilization by
inhibiting CXCR4, the impetus for testing CXCR4 antagonists in the clinic increased and
resulted in eventual demonstration that such an approach could be clinically useful for
individuals who had failed mobilization with G-CSF alone. The result of the mouse studies
was therefore a useful pharmacologic agent in the hands of clinicians. This has also been
now validated by targeting the α4β1 integrin, first observed to be important for HSC
localization in the mouse.55

Localization phenomena could be understood and manipulated for increased harvesting of
HSC, leading to the converse effect being studied namely enhancing stem cell delivery to
the niche as a means of improving transplant efficiency. This issue was explored by an
interesting combination of animal models. Leonard Zon’s laboratory tested chemical
libraries for their ability to increase hematopoietic stem cells in the zebrafish embryo. A
modified version of prostaglandin E2 (dmPGE2) was found to increase fish
hematopoiesis.56 This was validated in mouse studies where HSC engraftment was
enhanced 2-3-fold when the transplanted cells were exposed to dmPGE2 prior to infusion. A
complementary mouse study in which deletion of the downstream signaling effector of
PGE2 stimulation, Gαs, was deleted and shown to result in an absence of HSC in bone
marrow.57 These mouse studies propelled interest in using PGE2 in human transplantation.
The clinical trials testing that approach are now underway with encouraging preliminary
results. (Cutler: personal communication; under review) There are encouraging indications
therefore that localization modeled in the mouse may be predictive of human biology and
active testing of molecules defined in the mouse are likely to quickly transition to human
studies.
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Hematopoietic regeneration
Cytokine therapy for enhancing lineage specific cell types like red cells or granulocytes with
recombinant erythropoietin or G-SCF respectively is so effective in the clinic that a similar
approach has long been sought for HSC. However, despite decades of trying, no clinically
useful mode of HSC expansion in vitro or in vivo has resulted. Therefore, modulating the
niche rather than the HSC themselves has become an approach that has received some
attention. It is in this setting that the finding of specific regulatory cells in the niche can be
informative. For example, if osteolineage cells do participate in the niche, use of anabolic
bone agents like recombinant parathyroid hormone may secondarily influence primitive
hematopoietic cell function. This has been shown in the mouse including the ability to
protect HSC from sequential cancer chemotherapy drug exposure and improvement in
engraftment of limiting numbers of HSC.58 Whether this can have an impact on patients is
being tested.

Niche participation in disease
Some studies in the mouse have indicated that perturbing stroma cells can result in altered
hematopoiesis. For example, altered Gαs signaling in osteocytes caused myeloid
hyperproliferation,59 RARg deletion in the microenvironment resulted in a
myeloproliferative syndrome60 and CREB-binding protein haploinsufficiency in the
microenvironment also induced myeloproliferation with depletion of primitive
hematopoietic cells.61 Further, deletion of Dicer1 in a specific subset of osteolineage cells in
the bone marrow resulted in myelodysplasia and the rare emergence of acute myeloid
leukemia.62 The leukemia had intact Dicer1, but had acquired new, complex genotypic
changes suggesting that the environment imposes selection criteria on the hematopoietic
system and when the environment is perturbed, a highly pathologic hematopoietic system
can result.

The potential for niche cells to impose fitness constraints on hematopoietic stem cells has
also been demonstrated in the mouse with age. The laboratory of Hartmut Geiger has
demonstrated that in aged mice, primitive hematopoietic cells have distinct physical
relationships to architectural features of the bone marrow.63 Cells were in closer proximity
to the endosteum and had decreased adhesive characteristics when aged. Further, the same
laboratory demonstrated that when equivalent numbers of HSC clones were transplanted
into older mice compared with younger mice, the clonal diversity of the resulting
hematopoiesis was much more constrained.64 These data suggest that clonal selection is
distinctive in the older niche and that a predisposition to a more monoclonal state may exist.
These issues are ones of considerable interest in understanding how the niche may
participate in disease pathogenesis, particularly dysplastic or neoplastic disease.

Determining whether similar phenomena occur in the human is clearly more difficult, but
the mouse has inspired attention to the possibility in humans. The result is studies where
altered TNFa and IL-32 production by stromal cells has been shown from patients with
myelodysplastic syndrome (MDS)65 and frequent cytogenetic abnormalities in marrow
mesenchymal cells from patients with AML and MDS documented.66 These studies are still
early, but the mouse has provided a rationale for exploring them in detail, particularly when
correspondent cells implicated in the mouse can be identified, isolated and examined from
human samples.

HSC aging at a cellular level
Stem cells have been implicated in age related disease and poor regenerative function in
most tissues. In blood, the frequency of MDS and leukemia clearly increases as does a
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general decline in adaptive immune function. The latter issue has been particularly amenable
to investigation in the mouse. Murine HSC change with age in specific ways. The
immunophenotypic HSC population increases in at least some strains of mice, but there is
disparity between immunophenotype and function. The number of functional repopulating
cells increases only modestly so interpretation of results based on immunophenotype alone
should be interpreted with caution. Since human HSC are defined by immunophenotype or
the imperfect model of xenotransplant into an immunocompromised mouse, human HSC
increases with age that have been reported should be considered with the caveat above.67,68

Also changing in mice is the ability of aged HSCs to engraft upon transplant and this does
seem to be consistent in human HSCs from older donors in at least some studies and in
clinical experience.69,70 The output of cells from a given HSC also seems to be decreased in
the human, a finding quite different from what has been reported in mouse where production
was not affected.71 This has been hypothesized to be due to accumulated genetic injury over
the longer lifespan of the human and does point to how differential longevity of the animal
is reflected in issues like cell cycling (as above) and HSC function.

The issue of immune compromise with age is thought to be partially accounted for by poor
lymphopoiesis relative to myelopoiesis in the elderly. This has again been studied in detail
in the mouse and found to be related to shifts in the relative abundance of myeloid-biased
versus lymphoid-biased HSC within the heterogeneous HSC pool. As mice age, the
balanced lineage-bias diversity of the HSC pool seen in young mice skews toward an
enrichment of myeloid-biased HSCs in accompaniment with a gene expression signature
consistent with myeloid over lymphoid differentiation .72,73 Human cells are not possible to
study with the same rigor, but immunodeficient mice transplanted with Lin−, CD34+,
CD38−, CD90+, CD45RA− human HSCs taken from young adults reconstitute both myeloid
and lymphoid lineages, whereas the equivalent population derived from elderly donors can
only restore myelopoiesis.66 However, it should be noted that similar experimental
strategies using CD34+CD38− purified human hematopoietic cells did not display an age-
related lineage bias within this population. This disparity may potentially be resolved by
performing similar assays using newly identified human HSCs markers, such as CD49f.74

HSC aging at a molecular level
The diminished function of aging cells is associated with several molecular changes such as
telomere erosion, genomic instability and the accumulation intracellular free radicals. Gene
expression analyses of both young and old HSCs from either species reveal that genes
associated with inflammation and oxidative stress increase with age whereas genes
contributing to DNA repair, chromatin structure and epigenetic regulation decline.75 DNA
damage is anticipated to accumulate with age in either species, but clear evidence in the
mouse depended upon genetic inhibition of DNA repair pathways.76 In contrast, studies of
human cells show increased H2A.X foci and elevated activity of DNA-damage response
(DDR) pathways (e.g. ATM, 53BP1 and MDC1).77 Similar differences between species
exist in DNA damage response pathways. In murine HSC, it has been shown that non-
homologous end joining is the dominant mechanism of DNA repair, but this error-prone
mechanism would be particularly undesirable in a long-lived organism like the human.
Indeed, John Dick and colleagues found that in human HSC double strand break repair of
DNA is delayed and p53 plays a critical role in mediating the repair process.

The largest molecular discrepancy between human and mice is telomere length. With every
cell division telomeres erode and this shortening is directly linked to aging. Yet, despite the
fact that laboratory mice have lifetimes roughly 1/30th that of a human, murine telomeres are
approximately 5–10 times longer than their human counterparts. The regulation of telomeres
is therefore quite different between species and using the mouse to understand human
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telomere biology in HSC is fraught with concerns. The extent to which telomere biology
overlaps between the mouse and human has been well highlighted by introducing genetic
lesions found in humans with telomere regulation deficiencies into mouse models.

Telomere length is regulated by several multi-subunit complexes including Telomerase-
regulatory factor-1 and -2 (TRF-1 and TRF-2) and telomerase, comprised of telomerase
reverse transcriptase (TERT), telomerase RNA template (TERC) and Dyskerin (DKC1).
Humans do have naturally occurring mutations in telomere regulators with the most notable
disease being Dyskeratosis congenita (DC). DC is an inherited disorder that is characterized
by bone marrow failure and mucocutaneous abnormalities such as abnormal pigmentation,
leukoplakia and nail dystrophy. Cells from the vast majority of DC patients display shorter
telomeres, diminished telomerase activity and telomere length inversely correlates with
disease severity. The most common mutation found in DC occurs in the DKC1 gene (~30%
of cases), which is a pseudouridine synthase that regulates ribosome biogenesis as well as
stabilizes the RNA component of telomerase.78 DC patients less frequently display
mutations in telomerase complex constituents, TCAB1, NOP10 and NHP2, and the gene
encoding TIN2 (i.e. TINF2), a component of the TRF-1 complex that regulates telomerase
activity. Some of the genetic lesions in human have been introduced into mice. For example,
conditional deletion of TRF1, which complexes with TIN2 to regulate telomerase activity, in
the murine hematopoietic system recapitulates the bone marrow failure phenotype seen in
patients with DC and TRF1 mutation.79 The correlation is less compelling with other
lesions. Genetic ablation of mTerc results in some of the abnormalities seen in DC patients
with TERC mutations, however these phenotypes only manifest in offspring that are the
product of numerous generations of mTerc−/− interbreeding.80 The lack of overt
hematological phenotype in the first generation mTert or mTerc knockout mice may be due
to the length of existing telomeres in the mouse, but does raise concern that mouse models
may not perfectly mimic the principles of telomere participation in human disease and
human aging.

Concluding remarks
The mouse has been an invaluable tool for defining the HSC, establishing principles by
which it is regulated and enabling the development of assays to measure HSC behavior. The
insights gained from the mouse have largely proven true in the human in both the larger
issue of stem cell function and in the regulation of stem cell localization, however, direct
correspondence is often lacking in specific key areas. These areas can be viewed as
reflective of the dramatic difference in the lifespan of the mouse relative to the human. The
replicative rate of stem cells, their relative contribution to descendent cells, their cell cycle
governance and the means by which they undergo DNA repair all appear to be distinctive in
the human. Therefore, caveat emptor; the mouse is a guide but not an invariant source of the
truth for human biology. Where it is most reliable is in events not linked to preservation of
the HSC over decades of life.
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Table 1

The Hematopoietic Stem Cell: Mouse vs. Human

Mouse Human

Approximate Size 25–35 g 62–88 kg

Approximate Lifespan 2–2.5 yrs 70 yrs

Development stages

 Hemanigioblast Yes Yes

 Yolk Sac Yes Yes

 Aorta-Gonad-Mesoderm (AGM) Yes Yes

 Extra-embryonic tissue Yes Yes

HSC Identity (Lineage Low)

 CD117 (c-Kit) + +

 Sca-1 + −

 SLAM (CD150+, CD48−, CD244−) + −

 CD34, CD49f − +

 Efflux dyes + +/−

Growth Properties

 Replication rates ~ 2.5 weeks ~ 40 weeks

 Active:Quiescent HSCs 1.46 0.116

HSC mobilization

 G-CSF Yes Yes

 CXCR4-CXCL12 Yes Yes

 α4β1 Integrin (VLA4) Yes Yes

HSC Aging

 Myeloid:Lymphoid Increases Increases

 DNA-Damage Response (DDR) NHEJ P53-mediated

 Relative Telomere Length 5–10 1
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