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Problems in the promised land: Status of adult marrow stem cell biology
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Long-term engrafting marrow hematopoietic stem cells have been considered to be a quiescent
stem cell in G,. However, there are contradictory reports on this point in the literature,
showing marked variability of results over time and between mice. Furthermore, there are
circadian rhythms for stem cells and progenitors. In general, most studies have not taken
stochastic variability or circadian rhythms into account. In addition, stem cell purification
has represented the present gold standard in stem cell research. However, evidence exists
that the stem cell separations leave behind most stem cells and are not random. Thus, purified
stem cells may not be representative of the stem cells in the unseparated marrow cell popu-
lation. The epitope-based purification of stem cells may have misled the stem cell field. Lastly,
there are interesting published studies indicating that the irradiated marrow microenviron-
ment might be toxic to marrow stem cells, limiting self-renewal capacity, and that quantitative
engraftment occurs in nonablated mice. These considerations suggest that in carrying out
stem cell studies, attention needs to be directed to the appropriate number of repeat experi-
ments, to circadian rhythms, to possible purification skewing of results, and to the most

appropriate transplant assay model. © 2009 ISEH - Society for Hematology and Stem

Cells. Published by Elsevier Inc.

Concepts

Adult marrow stem cells remain to be fully defined, and
there are issues about the basic biology of these cells that
need to be addressed. These concepts include the stochastic
variability of the system, impact of circadian rhythms,
whether the reported purified stem cells are representative
of the original stem cell population in whole unseparated
marrow, whether clonal studies are informative, and
whether the irradiated or nonablated mouse is the proper
assay model for the stem cell.

We are in a very exciting scientific period. We can now
do things that seemed impossible a few years ago. Reverse
transcription polymerase chain reaction, gene cloning,
animal cloning, embryonic stem cells, induced pluripotent
stem cells, inhibitory RNAs, in vivo imaging, knockin
and knockout mice, and a wide variety of molecular magic
with microarrays and proteomics. Add to this fluorescence-
activated cell sorting (FACS) of variously labeled stem cells
and a host of second messenger insights. We are in the era
of molecular-targeted drugs, with Gleevec (Novartis Phar-
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maceuticals Corporation, Parsippany, NJ, USA) leading
the pack.

Much progress also appears to have been made in the
field of adult stem cell biology. Stem cells have been puri-
fied to homogeneity using a variety of techniques, but
focusing on antibody binding to cell surface epitopes and
FACS [1-25]. These approaches result in highly purified
stem cell subsets with a high potential for in vivo repopula-
tion and in vitro high-proliferative potential colony-forming
cell (HPP-CFC) growth. Studying these purified stem cells,
molecular control mechanisms continue to be reported with
very complicated transcriptional networks [26] and gene
expression patterns [27-29], while the number of hormone
regulators continues to expand.

Testing basic assumptions

Itremains important to test basic assumptions. The adult stem
cell field is, of course, dependent on the definition of the stem
cell and its subsequent study. There are certain assumptions
here, e.g., that the phenotype of the individual stem cell is
relatively stable and can be defined using a set of surrogate
markers. In this case, it is important to realize that a specific
separation of stem cells, while resulting in phenotypically
homogeneous cells based on the separative parameters, gives
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functionally heterogeneous populations of cells. Thus,
CD34" or elutriated LinKit" cell populations [30,31]
make up a diverse population of cells with multilineage
potential that can be further subsetted on the basis of Sca-1
antigen and rhodamine 123 dye efflux [32,33] or CD38
expression [31]. An analysis of stem cell targets chosen on
the basis of rhodamine or Hoechst 33342 dye staining alone
or in combination with Sca-1 and/or c-kit expression have
been shown to contain overlapping cohorts with differing
proliferative histories, engraftment potentials, and gene
expression patterns [34-36]. In addition, it has been assumed
that the purified stem cell population is representative of the
whole stem cell population in the starting unseparated bone
marrow. It may not be. An additional critical assumption is
that repopulation of the irradiated mouse is a valid gold stan-
dard assay for the stem cell, but this may represent a stem cell
toxic microenvironment, and the most appropriate assay may
be the nonablated normal mouse. Finally, a temporal consis-
tency is assumed, such that the stem cell does not change
characteristics on a day-to-day or season-to-season basis.
Extant data on circadian rhythms [37-40] and on noncirca-
dian temporal variation in stem cell numbers and cell-cycle
status [41] challenge this assumption.

We have been forced to address these assumptions by
recent problems in reproducing extant work in the field of
stem cell biology. We have carried out a series of studies
that have led us to a continuum theory of stem cell biology.
Our and others observations indicate that the adult marrow
stem cell phenotype changes reversibly with cell-cycle
passage [42-51] and that stem cells are intrinsically a cycling
population [52-55]. In continuing studies on this subject, we
utilized the elegant approach of Passegue and colleagues
[24] in studying G, Gy, and S/G,/M phases of stem cell
cycle to address our continuum studies. We were intrigued
by their observations that all long-term hematopoietic
stem cells (HSC) were in Gy. Our first study simply sought
to reproduce this separation of long-term hematopoietic
stem cells (LT-HSC) by FACS based on pyronin and
Hoechst supravital staining. We followed the described
methods exactly, with the exception of using FLK2 instead
of Thy 1.1 in the separation. This has been reported [10]
to give an equivalent LT-HSC separation. Our first studies,
in contrast to those of Passegue et al. [24], showed almost
50% of LT-HSC in S/G,/M at 24 weeks postengraftment
with similar numbers in Gy. A subsequent experiment,
however, failed to reproduce the first, showing most LT-
HSC in Gy and, furthermore, similar separations of whole
bone marrow with pyronin and Hoechst have indicated
that LT-HSC is distributed equally between Go/G; and S/
G,/M. In parallel studies on homing, we separated LT-HSC
and short-term HSC, finding that engraftment of ST-HSC
persisted in both out to 27 weeks, although short-term HSC
had lower levels of repopulation than LT-HSC. What do these
differences mean? Is the data from one laboratory wrong or
are the methods not adequately reproduced. Is rare cell

contamination one explanation? We believe an individual
experiment is probably the right result for that experiment
at that moment in time. The result of each experiment being
valid. This, of course, suggests that assumptions of stability
of stem cell phenotype may be in error and that the specific
manner of carrying out adult stem cell experiments may
need to be reconsidered.

Reconsideration: Variability of results of stem cell
studies as to incidence and cell-cycle phase over time
and between individual mice

Two previous studies from our laboratory indicated potential
problems with variability of results [40,56]. Variation of
granulocyte-macrophage colony growth between experi-
ments was acommon theme and initially attributed to a vague
entity termed biologic variability. To minimize such varia-
tion, we routinely pooled cells from multiple mice, usually
five, for the granulocyte-macrophage progenitor assays, but
comparing control levels of granulocyte-macrophage
colony-forming cells (GM-CFC) per cell number or tibia,
using pooled cells, there was still marked variability in
colony numbers. Even more striking was the variability in
cell-cycle status of these cells between different experiments.
This prompted a statistical evaluation of the validity of cell-
cycle suicide techniques. Analyzing a total of 66 experiments
in which hydroxyurea suicide of GM-CFC was carried out, it
was found that with three separate experiments and a “true
value” of 23% kill, that the actually observed values were
<10% in 17% of the cases and >40% in 10% of the
samplings [56]. Results with tritiated thymidine suicide
confirmed this variability. These data demonstrated the vari-
ability of progenitor numbers and cycle suicide values
between separate experiments.

A separate problem is the consideration of heterogeneity
between individual mice as to stem cell values. In general,
pooled cells have been utilized in stem cell studies to mini-
mize biologic variability, but this removes the essential
characteristic of individual variation between mice.
Colony-forming unit spleen (CFU-S), the original stem
cell assay [57] was extensively studied, and it was generally
found to be relatively quiescent, with S-phase values of
=10% [58-62]. A number of studies showed higher
S-phase values for CFU-S ranging from 16% to 48%
[56,63-73]. Our own work showed varying results from
no killing with hydroxyurea or tritiated thymidine to killing
rates up to 25% [56]. The work by Necas and Znojil [41] is
particularly informative. They determined the number of
CFU-S and the fraction synthesizing DNA in individual
normal mice of several inbred strains, and data obtained
during a period of 5 years was subjected to analysis of vari-
ance. Large differences were shown to exist in the number
of CFU-S in the femoral bone marrow of individual mice
measured on the same day. These differences were greater
if measurements were performed on different days. The
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fraction of DNA synthesizing CFU-S was, on average, 30%
in these normal mice, but the range of measurements on
both the same and different days was 0% to 60%. The
authors measured CFU-S from day 7 to day 12 and found
similar results. Others who also found significant variations
were cited in this article. Now, admittedly, the CFU-S assay
has been regarded by many as a poor representative of the
primitive bone marrow renewal stem cells, but considering
our cell-cycle data and the continuum concept of stem cell
regulation, we would propose that, in fact, it is a very good
clonal assay for renewal stem cells. These data indicate large
stochastic variations in stem cell phenotype in marrow from
individual mice or marrow studied at different points in
time. Several features may underlie these variations. The
Necas studies were carried out at the same point in time
each day, but circadian rhythms could still provide an expla-
nation. Necas and Znojil had proposed that there might be
bursts of CFU-S proliferation over time. These observations
need to be considered in the context of the continuum theory.
This concept of bursts of CFU-S foreshadows our continuum
model, where the stem cell continuously and reversibly
changes phenotype tied to cell-cycle phase. These observa-
tions could explain dramatic shifts in stem cell phenotype.
Simple random variations unrelated to this might also be
operative. At any rate, these data suggest that in studying
marrow stem cells, multiple experiments need to be carried
out over time, and that individual mice as well as pooled cells
from groups of mice should be studied. Use of pooled cells, of
course, obscures the intrinsic heterogeneity of stem cell
values between mice. These considerations also raise ques-
tions of whether the status of LT-HSC can be adequately
determined using a limited number of experiments during
a limited time frame. This, in turn, raises questions of the val-
idity of molecular studies on LT-HSC separated from a limited
number of cell pools in a limited number of experiments.
Figure 1 is a graphic representation of results in which
a mean from pooled cells is obtained vs data from individual
mice. The assumption for the mean data is that the true
S-phase data would be 30%, but a look at the second set rep-
resenting true data from individual mice gives a very different
picture. We would contend that knowledge of a mean value,
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Figure 1. Set #1 represents assumed values of mice in which pooled cells
were assayed (30% in S phase), while Set #2 represents the actual data
from individual mice (mean values: 30%). LT-HSC = long-term hemato-
poietic stem cells.

as represented by data from individual mice or from pooled
cells from individual mice, and an appreciation of the indi-
vidual heterogeneity of results are both important for our
understanding of the stem cell system.

Circadian considerations

Another explanation for the variability of stem cell results
could be the effect of circadian rhythms on these results.
The existence of circadian rhythms within the hematopoi-
etic system has been recognized since the late 1940s [74],
but has generally been ignored in studies on stem cell
biology, in part, because these studies are so difficult to
carry out. Differentiated cell types and different progenitor
classes, including 8-day CFU-S, CFU-granulocyte macro-
phage, burst forming units-erythrocyte, CFU-erythrocyte,
and CFU-granulocyte-erythroid-macrophage-monocytes,
have been shown to exhibit distinct circadian rhythms and
to show seasonal variations [37-39]. In addition, bone
marrow susceptibility to cytotoxic drugs has been shown
to vary according to circadian and seasonal rhythms [75].
Daily rhythms of biologic activities of plants and animals
are a universal phenomena [76], but applying this knowl-
edge to stem cell biology has not been routinely carried
out. We investigated circadian rhythms of engraftable
stem cells (10 weeks), studying 6 circadian times (hours
after light onset or HALO) 4 hours apart of male B6.SJL
mice engrafted into C57BL/6J mice, the latter having
been exposed to 100 cGy whole body irradiation [40].
This model is essentially a competitive transplant model
in which the infused marrow cells compete against the
residual host cells. These studies showed marked and
significant nadirs at HALO 8 and 24, in the context of these
experiments 6:00 am and 2:00 pMm. These shifts were in the
range of three to fourfold for 10-week engraftable stem
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Figure 2. Mean percent engraftment of marrow from three separate exper-
iments carried out in July. These data represent three different experiments
with a total of 15 donor mice per time point. *p < 0.0004 from hours after
light onset (HALO) 8 and 24. From D’Hondt L, McAuliffe C, Damon J,
et al. Circadian variations of bone marrow engraftability. J Cell Physiol.
2004;200:63-70, reprinted with permission.
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Table 1. Circadian rhythm of hematopoietic cells

Engraftment into nonablated mice at 10 weeks
Numbers of HPP-CFC and total progenitors
Cell-cycle status of HPP-CFC and total progenitors

HPP-CFC = high-proliferative potential colony-forming cell.

cells (Fig. 2), and similar circadian changes were seen with
HPP-CFC and total GM-colonies but at HALOs 12 and 24.
Cycle status of the progenitors showed approximately
threefold increased killing peaks at HALOs 8 and 24
(p < 0.002 from HALO 4 and 16, respectively).

We also saw a seasonal shift. These results were ob-
tained in July, but when studies were repeated in February,
there was only one nadir at HALO 8. In separate studies, we
did not find a circadian rhythm to host engraftability [40].
These studies are summarized in Table 1. They indicate
that one should anticipate marked shifts in stem cell pheno-
type at 4 to 8-hour time intervals during the day and that
seasonal shifts are also probable. These shifts could account
for much of the variability observed in various stem cell
studies, especially with regard to cell-cycle status.

Clonal studies vs populations studies, where is the
truth? Are highly purified stem cells representative of
the true stem cell population?

Perhaps the major advance in adult stem cell biology of the
recent years has been the utilization of different mono-
clonal antibodies to various cell surface epitopes to subset
marrow stem cells using FACS. Has this really represented
an advance? Certainly the technology applied here is very
impressive. In general, marrow separations have involved
a density step to get rid of red cells and granulocytes and

Replacement

40x10¢ male bone marrow cells infused

N

application of antibodies to mature cell antigens with iron
tags and magnetic separations to obtain a lineage-negative
population of marrow cells. This lineage-negative popula-
tion is then labeled with a variety of monoclonal antibodies
(with fluorescent tags) recognizing various “stem” cell
antigens and the hematopoietic stem cell isolated by
FACS [5-25]. A variation on this theme is to stain
lineage-negative cells with the supravital dyes Hoechst
33342 or rhodamine 123 and separate low-staining cells
[1-4]. Other less popular separations include elutriation
and recovery of cells from a previous in vivo cell infusion
[77], or use of aldehyde dehydrogenase or levels of reactive
oxygen species as separative probes [78,79].

Till et al. [80] suggested that their studies on CFU-S
indicated that “relevant control mechanisms were operative
at the level of populations rather than single cells.” They
further proposed that the behavior of individual stem cells
was analogous to that of individual radioactive nuclei. Pop-
ulations of nuclei give decay with a highly predictable half-
life, but it was impossible to predict exactly when an
individual nucleus will undergo radioactive decay. This
seems a reasonable view of the stem cell populations today
and should urge caution to those focused on the study of
highly purified marrow stem cells.

In previous work on engraftment of marrow stem cells
into nonablated mice, we showed that whole marrow en-
grafted quantitatively [81-87]. The validity of the nonab-
lated transplant model was established. We determined
the total marrow cellularity in BALB/c male mice (530
million cells) and then calculated the theoretical engraft-
ment if 40 million infused marrow cells were added to
marrow or, alternatively, if infused marrow cells replaced
marrow in female BALB/c recipient mice [87]. The theoret-
ical engraftments for replacement or addition were 7.5%

Augmentation
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N

530x106 total bone marrow cellularity before infusion

|

530x10¢ theoretical engraftment
40/ 530=7.5%

|

570x108 theoretical engraftment
40/ 570=7.0%

72 female mice each received 40x10¢ male bone marrow cells=

6.9% +/- 0.4% engraftment.

Conclusion: At the stem cell level all stem cells engrafted in

the nonablated model

Figure 3. Engraftment into nonablated mice.
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Table 2. Lineage-negative rhodamine/Hoechst dull stem cell recovery

% recovered

No. of LRH No. transplanted mice from original marrow
3,000 9 3.6
2,600 12 6.4
5,500 3 33
10,000 3 0.8
10,000 5 2.6

LRH = Lineage-negative rhodamine/Hoechst.
Engraftment determined at 6 weeks to 6 months in nonablated host mice
[data from 88].

and 7.0%, respectively. This model assumed that all
marrow stem cells home and engraft in marrow only and
that total marrow cells in a nonmanipulated cell population
correlated directly with the number of stem cells in that
population. In a series of 72 experiments in which 40
million male BALB/c cells were infused into nonablated
female BALB/c mice (controls for different experiments),
we had an engraftment rate of 6.9% * 0.4% (Fig. 3).
This surprisingly high rate of engraftment indicated that
virtually all stem cells engrafted in the nonablated mouse
and that engraftment in the nonablated host was determined
by simple competition between host and donor cells (more on
nonablated marrow to come). Thus, the nonablated transplant
model would appear to monitor all the engraftable stem cells,
while engraftment into lethally irradiated hosts, representing
essentially an amplification system, cannot be utilized to
measure the levels of engraftment at the stem cell level. We
will expand on these comments later. However, we review

this here to indicate the validity of the nonablated transplant
model. In studies on engraftment of highly purified lineage-
negative rhodamine/Hoechst low stem cells into this nonab-
lated mouse model, we found multilineage long-term
engraftment [88]. However, these studies demonstrated that
the engraftment capacity of the final purified stem cell
product was far less than that of the whole unseparated
marrow from which the cells were purified. Our studies indi-
cated that only from 0.8% to 6.4% of the engraftable stem cell
capacity of the starting bone marrow was recovered in the
purified stem cell fraction (Table 2). These separations are
not random and, thus, these data indicate that the purified
cells are probably not representative of the starting stem
cell population, although they are certainly highly purified.
This concept is illustrated in Figure 4.

These results with the lineage-negative rhodamine/
Hoechst stem cells undoubtedly hold for the other separa-
tions. These results could represent either a simple loss of
stem cells with each separative step or variations in
recovery of cells that support stem cell function, but are
not in themselves stem cells. In any case, data indicate
that the elegant antibody separations could have led inves-
tigators to the study of stem cell populations, which may
not be relevant to normal biology. Thus, at the very least,
studies of the function of purified stem cells should also
include studies of unseparated marrow in order to be sure
of biologic relevance. Furthermore, it is worth noting that
a continuum model of stem cell biology would indicate
that stem cell purification could never be definitive because
the phenotype of the stem cell will be changing constantly.
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Figure 4. Theoretical stem cell purification resulting in a highly purified, but nonrepresentative stem cell population.
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Figure 5. Top bone irradiated with 1,000 cGy and bottom not exposed to irradiation. ROS = reactive oxygen species; X = cell death.

The work of Sieburg et al. [89], indicating the 16 types of
repopulation kinetics for HSCs, would also indicate that the
goal to isolate one specific stem cell type may be futile and
end up in providing misleading information.

We noted that our studies indicating a loss of stem cells
with purification were carried out in nonablated mice.
Whether similar results would be seen in the more traditional
model of irradiation ablation of murine hosts is an open ques-
tion. However, use of different engraftment models raises
another potential problem.

Stem cell engraftment models and gold standards:
Which is the preferable model for assay of long-term
engrafting stem cells; the nonablated or the irradiated
mouse?

Hematopoietic stem cell existence and their characteristics
have been defined in lethally irradiated hosts and long-term
multilineage hematopoietic cell repopulation in lethally
irradiated mice has been deemed to be the “gold standard”
assay for a marrow hematopoietic stem cell. This assay is
an amplification assay, as can be seen by observations of
single hematopoietic cell repopulation of lethally irradiated
mice. As noted here, this characteristic does not allow
determination of the efficiency of engraftment at the stem
cell level, the readouts here are differentiated hematopoietic

cells, and these will be the same whether 1 or 1,000 marrow
stem cells are engrafted, although the model can be utilized
to compare the efficacy of different cell populations.
Engraftment into nonablated mice is not an amplification
system, but represents essentially competition between
donor and recipient host stem cells. The studies cited
here indicate that engraftment of stem cells contained in
whole marrow populations is very efficient and, in fact,
appears to be quantitative. The only puzzle here is that at
times it appears to be too good. The lethally irradiated
mouse transplant model has the advantage that a relatively
small number of transplanted cells results in engraftment,
and it has been assumed that irradiation is needed to
“open spaces or niches” for stem cell occupancy. Our
studies in the nonablated mouse disprove this concept
and, in fact, at the stem cell level, it appears that homing
and engraftment into irradiated mice is inferior to that
seen in nonablated mice [90]. It is clear that irradiation
damages the marrow environment, but it has been errone-
ously assumed that this was favorable to engraftment. Mye-
lotoxic treatment results in a markedly abnormal marrow
microenvironment. The endothelial barrier evidences
damage [91] and irradiation > 1,000 cGy leads to irrevers-
ible damage to the marrow sinus endothelium [92]. There
is evidence that passage through an irradiated (or cyclophos-
phamide-treated) environment may impair self-renewal [93].
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Table 3. Factors effecting stem cell study outcomes

Cell to cell variability

Mouse to mouse variability

Stochastic variability

Circadian rhythm

Purified stem cells vs whole marrow

Nature of engraftment host—irradiated or nonablated
Continuum cell-cycle-related phenotype fluctuations
Microvesicle phenotype modulation

In support of this are studies that showed that, in dogs, normal
erythrocyte cells had a shorter lifespan in irradiated hosts
than in normal hosts [94] and that, in mice, bone marrow
proliferation was reduced after a single passage through an
irradiated host [95,96]. Furthermore, chromosomal insta-
bility was observed in the progeny of normal hematopoietic
cells after exposure to irradiated cells, and this was felt to
be a result of inflammatory cells derived directly from the
exposed hematopoietic cells [97,98]. Cellular redox state is
a critical component of stress-induced cellular responses,
and inherent in these responses are reactive oxygen species
(ROS), which inflict direct cellular damage in addition to
acting as intracellular second messengers. The ROS include
superoxide (0.27), hydrogen peroxide (H,O,), hydroxyl
radical (HO), and peroxyl (ROO). Radiation is a critical
generator of ROS, and there is evidence that high ROS is
damaging to marrow stem cells. Jang and Sharkis [79]
showed that N-acetylcysteine, an antioxidant, was able to
restore HSC function in the ROS™E" stem cell population.
All together these observations suggest that irradiation may
damage stem cells by generating ROS, and it is possible
that such damage might act selectively in different phases
of stem cell cycle (Fig. 5).

Thus, a number of questions exist about studies of basic
marrow stem cell biology that need to be addressed. Should
whole marrow from individual mice rather than pooled cells
be the subject of study? Do circadian effects have to be deter-
mined in stem cell studies? Does one need to carry out
repeated experiments over time (at least four to six) in order
for studies to be interpretable? Do we need to determine
whether purified stem cells are representative of the whole
stem cell population? Do we need to ascertain whether
studies in the relatively nontoxic environment of nonablated
host mice will give fundamentally different results from
studies in irradiated hosts? These considerations then need
to be viewed in the light of recent observations in the contro-
versial field of stem cell plasticity, suggesting that cell-
derived microvesicles, especially from injured tissue, may
be able to alter the phenotype of marrow stem cells toward
that of the tissue of origin for the microvesicles [99-102].

The large number of factors effecting stem cell study
outcomes are outlined in Table 3. These considerations
indicate that the cell-cycle status (and other phenotypical
characteristics) of marrow stem cells need to be studied
with careful attention to stochastic variability; circadian

rhythms; nature of the stem cells in whole marrow; and
influence of the marrow microenvironment. We conclude
that the complexity of the marrow stem cell system is
impressive and needs further fundamental study.

Acknowledgments

This work was supported by National Institute of Health (Be-
thesda, MD), National Center for Research Resources
(5P20RR018757) and by the National Institute of Health, National
Heart, Lung, and Blood Institute (7RO1HL073749). No financial
interest/relationships with financial interest relating to the topic
of this article have been declared.

References

1. Bertoncello I, Hodgson GS, Bradley TR. Multiparameter analysis of
transplantable hemopoietic stem cells: the separation and enrichment
of stem cells homing to marrow and spleen on the basis of rhodamine
123 fluorescence. Exp Hematol. 1985;13:999-1006.

2. Baines P, Visser JW. Analysis and separation of murine bone marrow
stem cells by H33342 fluorescence-activated cell sorting. Exp Hem-
atol. 1983;11:701-708.

3. Ploemacher RE, Brons NHC. Cells with marrow and spleen repopu-
lating ability and forming spleen colonies on days 16, 12, and 8 are
sequentially ordered on the basis of increasing rhodamine 123
retention. HJ Cell Physiol. 1988;36:531.

4. Wolf NS, Kone A, Priestley GV, Bartelmez SH. In vivo and in vitro
characterization of long-term repopulating primitive hematopoietic
cells isolated by sequential Hoechst 33342-rhodamine 123 FACS
selection. Exp Hematol. 1993;21:614-622.

5. Forsberg EC, Prohaska SS, Katzman S, et al. Differential expression
of novel potential regulators in hematopoietic stem cells. PLoS
Genet. 2005;1:e28.

6. Rossi DJ, Bryder D, Zahn JM, et al. Cell intrinsic alterations underlie
hematopoietic stem cell aging. Proc Natl Acad Sci U S A. 2005;102:
9194-9199.

7. Arber C, BitMansour A, Sparer TE, et al. Common lymphoid progen-
itors rapidly engraft and protect against lethal murine cytomegalo-
virus infection after hematopoietic stem cell transplantation. Blood.
2003;102:421-428.

8. Manz MG, Miyamoto T, Akashi K, Weissman IL. Prospective
isolation of human clonogenic common myeloid progenitors. Proc
Natl Acad Sci U S A. 2002;399:11872-11877.

9. Miyamoto T, Iwasaki H, Reizis B, et al. Myeloid or lymphoid
promiscuity as a critical step in hematopoietic lineage commitment.
Dev Cell. 2002;3:137-147.

10. Christensen JL, Weissman IL. 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. 2001;498:14541-14546.

11. Kondo M, Scherer DC, King AG, et al. Lymphocyte development
from hematopoietic stem cells. Curr Opin Genet Dev. 2001;11:
520-526. Review.

12. Kondo M, Scherer DC, Miyamoto T, et al. Cell fate conversion of
lymphoid-committed progenitors by instructive actions of cytokines.
Nature. 2000;407(6802):383-386.

13. Akashi K, Traver D, Miyamoto T, Weissman IL. A clonogenic
common myeloid progenitor that gives rise to all myeloid lineages.
Nature. 2000;404(6774):193-197.

14. Cheshier SH, Morrison SJ, Liao X, Weissman IL. In vivo prolifera-
tion and cell cycle kinetics of long-term self-renewing hematopoietic
stem cells. Proc Natl Acad Sci U S A. 1999;16:3120-3125.



782

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

33.

34.

35.

36.

37.

P.J. Quesenberry et al.| Experimental Hematology 2009,37:775-783

. Kondo M, Weissman IL, Akashi K. Identification of clonogenic
common lymphoid progenitors in mouse bone marrow. Cell. 1997;
28:661-672.

Morrison SJ, Wandycz AM, Hemmati HD, Wright DE, Weissman IL.
Identification of lineage of multipotent hematopoietic progenitors.
Development. 1997;124:1929-19309.

Adolfsson J, Mansson R, Buza-Vidas N, et al. Identification of Flt3+
lympho-myeloid stem cells lacking erythro-megakaryocytic poten-
tial: a revised road map for adult blood lineage commitment. Cell.
2005;121:295-306.

Randal TD, Lund FE, Howard MD, et al. Expression of murine CD38
defines a population of long-term reconstituting hematopoietic stem
cells. Blood. 1996;87:4057-4067.

Morrison SJ, Weissman IL. The long-term repopulating subset of
hematopoietic stem cells is deterministic and isolatable by pheno-
type. Immunity. 1994;1:661-673.

Forsberg EC, Bhattacharya D, Weissman IL. Hematopoietic stem
cells: expression profiling and beyond. Stem Cell Rev. 2006;2:
23-30. Review.

Warren L, Bryder D, Weissman IL, et al. Transcription factor
profiling in individual hematopoietic progenitors by digital
RT-PCR. Proc Natl Acad Sci U S A. 2006;103:17807-17812.
Bryder D, Rossi DJ, Weissman IL. Hematopoietic stem cells: the
paradigmatic tissue-specific stem cell. Am J Pathol. 2006;169:
338-346. Erratum in: Am J Pathol. 2006;169:1899.

Forsberg EC, Serwold T, Kogan S, et al. New evidence supporting
megakaryocyte-erythrocyte potential of flk2/flt3+ multipotent hema-
topoietic progenitors. Cell. 2006;126:415-426.

Passegue E, Wagers AJ, Giuriato S, et al. Global analysis of prolifer-
ation and cell cycle gene expression in the regulation of hematopoi-
etic stem and progenitor cell fates. J] Exp Med. 2005;202:1599-1611.
Wagers AJ, Weissman IL. Differential expression of alpha2 integrin
separates long-term and short-term reconstituting Lin-/loThyl.1
(lo)c-kit+ Sca-1_hematopoietic stem cells. Stem Cells. 2006;24:
1087-1094.

Cantor AB, Orkin SH. Hematopoietic development: a balancing act.
Curr Opin Genet Dev. 2001;11:513-519.

Ivanova NB, Dimos JT, Schaniel C, et al. A stem cell molecular
signature. Science. 2002;298:601-604.

Pritsker M, Doniger TT, Kramer LC, et al. Diversification of stem
cell molecular repertoire by alternative splicing. Proc Natl Acad
Sci U S A. 2005;102:14290-14295.

HuM, Krause D, Greaves M, et al. Multilineage gene expression precedes
commitment in the hematopoietic system. Genes Dev. 1997;15:774.
Orlic D, Laprise SL, Cline AP, Anderson SM, Bodine DM. Isolation
of stem cell-specific cDNAs from hematopoietic stem cell popula-
tions. Ann N Y Acad Sci. 1999;872:243-254. discussion 254-255.
Tajima F, Deguchi T, Laver JH, et al. Reciprocal expression of CD38
and CD34 by adult murine hematopoietic stem cells. Blood. 2001;97:
2618-2624.

. Li CL, Jonson GR. Rhodamine 123 reveals heterogeneity within murine
Lin-, Sca-1+4 hematopoietic stem cells. J] Exp Med. 1992;175:1443.

Li CL, Johnson GR. Murine hematopoietic stem and progenitor cells: 1.
Enrichment and biologic characterization. Blood. 1995;85:1472-1479.
Zijlmans JM, Visser JW, Kleiverda K, et al. Modification of rhoda-
mine staining allows identification of hematopoietic stem cells with
preferential short-term or long-term bone marrow-repopulating
ability. Proc Natl Acad Sci U S A. 1995;92:8901-8905.

Huttmann A, Liu SL, Boyd AW, et al. Functional heterogeneity within
rhodamine 123'°Hoechst33342'P primitive hematopoietic stem cells
revealed by pryronin Y. Exp Hematol. 2001;29:1109-1116.
Weismann A, Phillips RL, Mojica M, et al. Expression of CD27 on murine
hematopoietic stem and progenitor cells. Immunity. 2000;12:193-199.
Aardal N, Laerum O. Circadian variations in mouse bone marrow.
Exp Hematol. 1983;9:792-801.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Stevold O, Laerum O, Riise T. Age-related differences and circadian
and seasonal variations of myelopoietic progenitor cell (CFU-GM)
numbers in mice. Eur J Haematol. 1988;40:42-49.

Smaaland R, Laerum O, Southern R, et al. Colony-forming units granu-
locyte-macrophage and DNA synthesis of human bone marrow are circa-
dian stage dependent and show co-variation. Blood. 1992;79:2281-2287.
D’Hondt L, McAuliffe C, Damon J, et al. Circadian variations of
bone marrow engraftability. J Cell Physiol. 2004;200:63-70.

Necas E, Znojil V. CFU-S content and cycling rate in several strains
of mice. Exp Hematol. 1987;15:759-764.

Peters SO, Kittler EL, Ramshaw HS, et al. Murine marrow cells
expanded in culture with IL-3, IL-6, IL-11, and SCF acquire an
engraftment defect in normal hosts. Exp Hematol. 1995;23:461-469.
Peters SO, Kittler EL, Ramshaw HS, et al. Ex vivo expansion of
murine marrow cells with interleukin-3 (IL-3), IL-6, IL-11, and
stem cell factor leads to impaired engraftment in irradiated hosts.
Blood. 1996;87:30-37.

Becker PS, Nilsson SK, Li Z, et al. Adhesion receptor expression by
hematopoietic cell lines and murine progenitors: modulation by
cytokines and cell cycle status. Exp Hematol. 1999;27:533-541.
Berrios VM, Dooner GJ, Nowakowski G, et al. The molecular basis
for the cytokine-induced defect in homing and engraftment of hema-
topoietic stem cells. Exp Hematol. 2001;29:1326-1335.

Reddy GP, McAuliffe CI, Pang L, et al. Cytokine receptor repertoire
and cytokine responsiveness of Ho “/Rh " stem cells with
differing potentials for G;/S phase progression. Exp Hematol.
2002;30:792-800.

Habibian HK, Peters SO, Hsieh CC, et al. The fluctuating phenotype
of the lymphohematopoietic stem cell with cell cycle transit. J Exp
Med. 1998;188:393-398.

Cerny J, Dooner M, McAuliffe C, et al. Homing of purified murine
lymphohematopoietic stem cells: a cytokine-induced defect. J. Hem-
atother Stem Cell Res. 2002;11:913-922.

Colvin GA, Dooner MS, Dooner GJ, et al. Stem cell continuum:
directed differentiation hotspots. Exp Hematol. 2007;35:96-107.
Colvin GA, Lambert JF, Carlson JE, McAuliffe CI, Abedi M,
Quesenberry PJ. Rhythmicity of engraftment and altered cell cycle
kinetics of cytokine-cultured murine marrow in simulated micro-
gravity compared with static cultures. Vitro Cell Dev Biol Anim.
2002;38:343-351.

Colvin GA, Lambert JF, Moore BE, et al. Intrinsic hematopoietic stem
cell/progenitor plasticity: inversions. J Cell Physiol. 2004;199:20-31.
Reddy GP, Tiarks CY, Pang L, et al. Cell cycle analysis and synchro-
nization of pluripotent hematopoietic progenitor stem cells. Blood.
1997;90:2293-2299.

Pang L, Reddy PV, McAuliffe CI, et al. Studies on BrdU labeling of hema-
topoietic cells: stem cells and cell lines. J Cell Physiol. 2003;197:251-260.
Bradford GB, Williams B, Rossi R, et al. Quiescence, cycling, and
turnover in the primitive hematopoietic stem cell compartment.
Exp Hematol. 1997;25:445-453.

Fleming WH, Alpern EJ, Uchida N, et al. Functional heterogeneity is
associated with the cell cycle status of murine hematopoietic stem
cells. J Cell Biol. 1993;122:897-902.

Quesenberry PJ, Stanley K. A statistical analysis of murine stem cell
suicide techniques. Blood. 1980;56:1000-1005.

Till JE, McCulloch EA. A direct measurement of radiation sensitivity
of normal mouse marrow cells. Radiat Res. 1961;14:213-222.
Becker AJ, McCulloch EA, Siminovitch L, et al. The effect of
differing demands for blood cell production on DNA synthesis by
hemopoietic colony-forming cells of mice. Blood. 1965;26:296-308.
Lajtha LG, Pozzi LV, Schofield R, et al. Kinetic properties of
hemopoietic stem cells. Cell Tissue Kinet. 1969;2:39.

Frindel E, Leuchars E, Davis AJS. Thymus dependency of bone
marrow stem cell proliferation in response to certain antigens. Exp
Hematol. 1976;4:275-284.



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

P.J. Quesenberry et al./ Experimental Hematology 2009,37:775-783 783

Lord BI. Haemopoietic stem cells. In: Potten CS, ed. Stem Cells:
Their Identification and Characterization. Edinburgh: Churchill
Livingston; 1983:118.

Gidali J, Istvan E, Fehr I. Long-term perturbation of hemopoiesis after
moderate damage to stem cells. Exp Hematol. 1985;13:647-651.
Croizat H, Frindel E, Tibiana M, et al. Antigenic stimulation of DNA
synthesis in the haematopoietic stem cells of axenic mice. Nature.
1970;228:1187-1188.

Croizat H, Frindel E, Tubiana M. Proliferative activity of stem cells
in the bone-marrow of mice after single and multiple irradiations
(total-or partial-body exposure). Int J Radiat Biol. 1970;18:347-358.
Vassort F, Winterholer M, Frindel E, et al. Kinetic parameters of bone
marrow stem cells using in vivo suicide by tritiated thymidine or
hydroxyurea. Blood. 1973;41:789.

Lord BI, Lajtha LG, Gidali J. Measurement of the kinetic status of
bone marrow precursor cells: three cautionary tales. Cell Tissue
Kinet. 1974;7:507-515.

Guigon M, Sainteny F, Dumenil D, et al. Response of quiescent and
cycling CFU to stimulation. Exp Hematol. 1978;6:270-272.

Wu AM. A method for measuring the generation time and length of
DNA synthesizing phase of clonogenic cells in a heterogeneous
population. Cell Tissue Kinet. 1981;14:39.

Monette FC, Demers ML. An alternate method for determining the
proliferative status of transplantable murine stem cells. Exp Hematol.
1982;10:307-313.

Boersma WJA. Radiation sensitivity and cycling status of mouse
bone marrow prothymocytes and day 8 colony forming units spleen
(CFUs). Exp Hematol. 1983;11:922-930.

Monette F, Holden SA, Sheehy MJ, et al. Specificity of hemin action
in vivo at early stages of hematopoietic cell differentiation. Exp
Hematol. 1984;12:782-787.

Inoue T, Cronkite EP, Commerford SL, et al. Residual toxicity in
hematopoietic cells following a single dose of methylnitrosourea.
Leuk Res. 1984;8:105-116.

Wadzieczak-Bakala J, Pines M, Guigon M, et al. Cyclic AMP
response to various haemopoietic regulators. Cell Tissue Kinet.
1985;18:297-306.

Goldeck H. Der 24-stoden-rytmus der erythropoese. Arztl Forsch.
1948;2:22-27.

Levy F, Blazsek I, Ferle-Vidovic A. Circadian and seasonal rhythms
in murine bone marrow colony-forming cells affect tolerance for the
anticancer agent 4-o-tetrahydropyranyladriamycin (THP). Exp
Hematol. 1988;8:696-701.

Takahashi J, Zatz M. Regulation of circadian rhythmicity. Science.
1982;217:1104-1111.

Juopperi TA, Sharkis SJ. Isolation of quiescent marrow hematopoietic
stem cells by homing properties. Methods Mol Biol. 2008;430:21-30.
Pearce DJ, Bonnet D. The combined use of Hoechst efflux ability and
aldehyde dehydrogenase activity to identify murine and human
hematopoietic stem cells. Exp Hematol. 2007;35:1437-1446.

Jang YY, Sharkis SJ. A low level of reactive oxygen species selects
for primitive hematopoietic stem cells that reside in the low oxygenic
niches. Blood. 2007;110:3056-3063.

Till JE, McCulloch EA, 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. 1964;51:29-36.

Stewart FM, Crittenden RB, Lowry PA, et al. Long-term engraftment
of normal and post-fluorouracil murine marrow into normal nonmye-
loablated mice. Blood. 1993;81:2566-2571.

Quesenberry PJ, Ramshaw H, Crittenden RB, et al. Engraftment of
normal murine marrow into non-myeloablated host mice. Blood
Cells. 1994;20:348-350.

Ramshaw HS, Rao SS, Crittenden RB, et al. Engraftment of bone
marrow cells into normal unprepared hosts: effects of 5-fluorouracil
and cell cycle status. Blood. 1995;86:924-929.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Ramshaw HS, Crittenden RB, Dooner M, et al. High levels of
engraftment with a single infusion of bone marrow cells into
normal unprepared mice. Biol Blood Marrow Transplant. 1995;1:
74-80.

Rao SS, Peters SO, Crittenden RB, et al. Stem cell transplantation in
the normal nonmyeloablated host: relationship between cell dose,
schedule, and engraftment. Exp Hematol. 1997;25:114-121.
Blomberg M, Rao S, Reilly J, et al. Repetitive bone marrow trans-
plantation in nonmyeloablated recipients. Exp Hematol. 1998;26:
320-324.

Colvin GA, Lambert JF, Abedi M, et al. Murine marrow cellularity
and the concept of stem cell competition: geographic and quantita-
tive determinants in stem cell biology. Leukemia. 2004;18:
575-583.

Nilsson SK, Dooner MS, Tiarks CY, et al. Potential and distribution
of transplanted hematopoietic stem cells in a nonablated mouse
model. Blood. 1997;89:4013-4020.

Sieburg HB, Cho RH, Dykstra B, et al. The hematopoietic stem cell
compartment consists of a limited number of discrete stem cell
subsets. Blood. 2006;107:2311-2316.

Hendrikx PJ, Martens ACM, Hagenbeek A, et al. Homing of fluores-
cently labeled hemopoietic stem cells. Exp Hematol. 1997;25:445.
Brecher G, Neben S, Yee M. Bone marrow proliferation after passage
through an irradiated host. In: Daniak N, Cronkite EP, McCaffrey P,
Shadduck RK, eds. The Biology of Hematopoiesis. New York:
Wiley-Liss; 1990:449.

Shirota T, Tavassoli M. Alterations of bone marrow sinus endothe-
lium induced by ionizing irradiation: implications in the homing of
intravenously transplanted marrow cells. Blood Cells. 1992;18:
197-214.

Shirota T, Tavassoli M. Cyclophosphamide induced alterations of
bone marrow endothelium: implications in homing of marrow cells
after transplantation. Exp Hematol. 1992;19:369-373.

Stohlman F, Brecher G, Schneiderman M, et al. The hemolytic effect
of ionizing radiations and its relationship to the hemorrhagic phase of
radiation injury. Blood. 1957;12:1061-1085.

Ross EAM, Anderson N, Micklem HS. Serial depletion and regener-
ation of the murine hematopoietic system. Implications for hemato-
poietic organization and the study of cellular aging. J Exp Med.
1982;155:432-444.

Micklem HS. Decline of colony-forming units with serial bone
marrow cell passages: intrinsic or extrinsic causation? Factors
affecting serially transplanted bone marrow. A commentary. Blood
Cells. 1983;9:527-533.

Watson GE, Lorimore SA, MacDonald DA, et al. Chromosomal
instability in unirradiated cells induced in vivo by a bystander effect
of ionizing radiation. Cancer Res. 2000;60:5608-5611.

Lorimore SA, Mcllrath JM, Coates PJ, et al. Chromosomal instability
in unirradiated hemopoietic cells resulting from a delayed in vivo
bystander effect of gamma radiation. Cancer Res. 2005;65:5668-5673.
Janowska-Wieczorek A, Majka M, Kijowski J, et al. Platelet-derived
microparticles bind to hematopoietic stem/progenitor cells and
enhance their engraftment. Blood. 2001;3143-3149.

Ratajczak J, Miekus K, Kucia M, et al. Embryonic stem cell-derived
microvesicles reprogram hematopoietic stem/progenitor cells:
evidence for horizontal transfer of mRNA and protein delivery.
Leukemia. 2006;20:847-856.

Deregibus MC, Cantaluppi V, Calogero R, et al. Endothelial progen-
itor cell-derived microvesicles activate an angiogenic program in
endothelial cells by a horizontal transfer of mRNA. Blood. 2007,
110:2440-2448.

Aliotta JM, Sanchez-Guijo FM, Dooner GF, et al. Alteration of
marrow gene expression, protein production, and engraftment into
lung by lung-derived microvesicles: a novel mechanism for
phenotype modulation. Stem Cells. 2007;25:2245-2256.



	Problems in the promised land: Status of adult marrow stem cell biology
	Concepts
	Testing basic assumptions
	Reconsideration: Variability of results of stem cell studies as to incidence and cell-cycle phase over time and between individual mice
	Circadian considerations
	Clonal studies vs populations studies, where is the truth? Are highly purified stem cells representative of the true stem cell population?
	Stem cell engraftment models and gold standards: Which is the preferable model for assay of long-term engrafting stem cells; the nonablated or the irradiated mouse?
	Acknowledgments
	References


