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Abstract
A recent intriguing publication summarizing various aspects of stem cell biology has pointed out many differences 

and inconsistencies within and between different stem cell systems [1]. We feel, in fact, that most stem cell systems can 
be viewed as coherent and consistent systems if viewed from a different perspective, that of continuum biologics [2-4]. 
Current thinking on stem cell systems considers hierarchies and differentiation cascades either uni- or bi-directionally. It 
was felt that these cells were characterized by the capacity to differentiate into multiple lineages and self-renewal.  Based 
on our developed data on hematopoietic stem cells, we have established that this system is represented by continually 
dividing stem cells which constantly change phenotype as they transit cell cycle [5]. Thus the cells have a third basic 
characteristic, the capacity to change lineage potential, cell fate and phenotype reversibly over time that is tied to cell 
cycle status. This is responsible for the intrinsic heterogeneity seen with these cells. Thus we can add to the three models 
proposed by Dr. Goodell, et al [1] (hierarchical, consortium and speculative) a fourth model; the continuum model. This 
model is summarized in Figure 1.
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Figure 1:  The phenotype of the “stem” cell continually and reversibly changes with passage through cell cycle.
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Designations: LT-HSC Long-Term Multilineage Repopulat-
ing Hematopoietic Stem Cell; CLP, Common Lymphoid Progeni-
tor; CMP, Common Multipotent Progenitor; LT-HSC, Long-Term 
Hematopoietic Stem Cell; ST-HSC, Short-Term Hematopoietic 
Stem Cell; GMP, Granulocyte-Macrophage Progenitor; ERMegP, 
Megakaryocyte Erythroid Progenitor; MP, Multipotent Progenitor; 
HPP-CFC, High Proliferative Potential Colony Forming Cell; HPP-
meg, HPP-CFC megakaryocyte;  CFU-meg, colony-Forming Cell 
Megakaryocyte; CFU-GM, Colony-Forming Cell Granulocyte-
Macrophage; CFU-Eos, Colony-Forming Cell Eosinophil; CFU-
baso, Colony-Forming Cell Basophil; CFU-M, Colonu-Forming 
Cell Macrophage; CFU-G, Colony-Forming Cell Granulocyte; 
BFU-E Burst-Forming Unit Erythroid, CFU-E, Colony-Forming 
Unit Erythroid; CFU-T cell, Colony-Forming Unit T Cell; CFU 
B cell, Colony-Forming Unit B Cell; CFU-NK, Colony-Forming 
Unit NK Cell, MSC, Mesenchymal Stem Cell; Clones X,Y and A 
represent possible other potentials. Clouds are influences on the 
phenotype and cell fate of hematopoietic progenitors and stem 
cells. ROS= Reactive Oxygen Species

In Dr. Goodell’s speculative model [1] there are stem cells 
which are rare reserve cells that occasionally generate lineage re-
stricted progenitors. The overall system, as described in transpo-
son tagging studies [6], is composed of large numbers of lineage 
restricted progenitors which are the main sources of day-to-day 
hematopoiesis. Under stress these progenitors could revert to a 
primitive multi lineage stem cell phenotype. This is an interesting 
alternative speculative model. Dr Goodell emphasizes that recent 
data from studies on blood, skin and intestine indicate the con-
comitant action of multiple types of stem cells with distinct every 
day roles. This of course could be correct, it could be a semantic 
syllogism or it may not be correct. However, investigations in each 
system are compatible with the stem cell continuum model.  It 
is worth noting that any point on a cell cycle related continuum 
could be considered a “new stem cell”, all-be-it originating from 
the same originator cell in a reversible fashion. Thus multiple stem 
cells could fit in the continuum model but with a different cellular 
basis.

We would like to review the development of the continuum 
model in hematopoiesis and consider it in light of recent observa-
tions relating to the classical hierarchical systems. We will then 
consider the skin and intestinal stem cell systems and the distinc-
tion between transplant and baseline hematopoiesis.

Hematopoiesis
There never was much basis for considering early marrow 

stem cells as anything but heterogeneous [7,8]. From the initial 
studies of Colony-forming unit spleen, to our more recent exam-

ples, heterogeneity of stem cells has been apparent [9]. Our work 
has shown that the multi -lineage marrow renewal stem cell, as 
assayed in lethally irradiated hosts, is cycling [5] and thus always 
changing its phenotype as to surface epitopes, metabolic charac-
teristics, differentiation and renewal potential, homing, senescence 
and autophagy potential, size and death potential [10-20]. We have 
shown that engraftable stem cells are in active cell cycle, the vast 
majority transiting cycle within 48 hours [5]. This means they can-
not be reliably purified by epitope selection. We believe a major 
limitation in the bulk of stem cell studies over the past 30 years has 
been the reliance, almost total, on antibody based FACS separa-
tions to purify the stem cell before study. Unfortunately, almost all 
of the true renewal stem cells are discarded with the purification 
and these are actively cycling, thus the stem cells, such as lineage 
negative c-kit+Sca-1+CD150+ (21) are not fully representative of 
the total population of true stem cells. 

Back to Heterogeneity
The above picture, of course indicates that these cells would 

be totally heterogenous on a continuum of change. Dr. Goodell 
has summarized heterogeneity studies nicely, but most were based 
on purified stem cells. We showed heterogeneity of highly puri-
fied Lineage negative/Rhodamine low/Hoechst low (LRH) stem 
cells in 1997 [20] and subsequently a number of publications have 
confirmed such heterogeneity. Perhaps most telling was work on 
LRH stem cells synchronized as to cell cycle and clonally grown 
in culture [9]. We demonstrated virtually total heterogeneity as to 
colony size, shape and differentiated cell content. However, the 
key issue is not that of heterogeneity, but the actual origin of the 
different stem cell types. We have previously shown that as stem 
cells transit cycle the following characteristics are altered mostly 
in a reversible fashion: engraftment, homing to marrow, differen-
tiation, surface epitope expression, general gene expression, sus-
ceptibility to exosome modulation and capacity to modulate lung 
cells [10-20]. The wide variety of cytokine and niche modulators 
which have been described are best considered as differentially 
acting on stem cells as they continually change with cycle tran-
sit. In a similar vein, the gradual and continuous alteration of cell 
phenotype and surface molecules probably underlies the wide va-
riety of stem cell descriptions. The lineage negative c-kit+ Sca-1-
+CD150+ murine stem cell has now been divided into stem cells 
with differing expression of CD150 [22]. Put this on a continuum 
and it makes sense. Niches have received a great deal of atten-
tion recently and these have mostly been defined using purified 
stem cells. We would suggest that both the nesting stem cells and 
the nurturing niche are probably continually changing explaining 
the wide variety of niche cells which have been described. These 
include osteoblasts [23], endothelial cells [24,25], Schwann cells 
[26], adventitial reticular cells [27] and megakaryocytes [28].
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Skin Epithelial Stem Cells
The skin is another system which has been extensively stud-

ied as to stem cell phenotype and heterogeneity. A number of stud-
ies have indicated that a variety of stem cells can repopulate; these 
can have different phenotypes and locate in different areas, the 
basal layer, the intermolecular epidermis, the infundibulum, the 
junction zone, the isthmus and the Bulge [1]. The complexity is 
startling, but could simply be explained by a general population 
of cycling stem cells influenced by different microenvironments. 
There is interesting data that many of these stem cell classes show 
marked proliferation in vitro but not in vivo. However the in vivo 
studies were carried out measuring label retaining cells and assum-
ing that label retention meant that the cell was not dividing [29-
32]. While admittedly controversial, the immortal strand concept 
fits with this data [33-35]. In the immortal strand theory, which 
is backed up with significant data, the stem cell in a population 
does not randomly segregate its DNA but rather retains the original 
parental strands. If this is correct then these cells could be rapidly 
proliferating but retain the BrdU label. The wide variety of cell 
markers and locations for skin stem cells could indicate a larger 
number of separate stem cells but could also be consistent with a 
proliferating stem cell population on a continuum. The numerous 
cell types described as possible stem cell niches including dermal 
papilla, adiposities, nerves and arrestor pill muscle could also be 
on a continuum interacting with a changing population of stem 
cells [36-40].

Intestinal Stem Cells
Intestinal stem cells are the other stem cell population which 

has been extensively studied. They are confined to the crypts of 
Lieberkuhn. They function to replace the intestinal lining every 
3-5 days. Proliferating progenitor cells are fed by proliferating 
intestinal stem cells located near the base of the crypts. So this 
from the start is a proliferating stem/progenitor cell system which 
then differentiates into enterocytes, goblet cells, and entero endo-
crine cells in the villus. A population of quiescent intestinal stem 
cells also known as +4 cells are felt to reside just above the zone 
that contains the crypt base stem cells and the Paneth stem cells 
[40-43]. Again different cell classes have a variety of cell surface 
markers and putative niche cells, but once again one can envision a 
system of stem cells modulating on a continuum and expressing a 
wide variety of phenotype based on their position in cell cycle and 
micro environmental cues.

Stem Cell Systems
The above suggests that the default position of stem cells, 

marrow, skin or intestine, is proliferation which, in turn would in-
dicate a continuously changing population of cells and would ex-

plain the apparent large number of phenotypes and markers.

We propose a general model of stem cell biology based on 
these three classic systems. The stem cells continually change as 
they transit cell cycle and interact with micro environmental niches 
which are also modulating. This determines the phenotype of the 
stem cell as to surface markers, differentiation, homing, metabolic 
status, apoptosis, senescence and regulatory pathways. 

Figure 2: General Stem Cell Model.
This demonstrates the continuously changing potential of 

both stem/progenitor cells and niche /stoma elements. In the case 
of stem/progenitor cells this is tied to cell cycle transit, while in 
the case of niches the relationship to cell cycle status is unclear. 
Influences are myriad as described in the text.

Environmental Influence is another important variable. This 
relates to known impact of the hematopoietic system of external 
cytokines, extracellular vesicles, hormones, metabolic influences, 
circadian variables, mutational frequencies and other myriad influ-
ences.

Transplantation Hematopoietic Stem Cell Reg-
ulation And Baseline Hematopoietic Stem Cell 
Regulation

Recent studies utilizing an elegant bar-coding approach to 
identify individual hematopoietic clones indicate that baseline he-
matopoiesis may be quite different from transplant hematopoiesis. 
Sun and colleagues [6] employing clonal marking by transposon 
tagging have presented data indicating that steady state hematopoi-
esis is maintained by successive recruitment of thousands of clones. 
This is as opposed to hematopoiesis occurring in the transplant set-
ting which is the basis for much of our insights into hematopoiesis.  
These data indicate that rather than classically defined hematopoi-
etic stem cells, a larger number of short-lived progenitors are re-
sponsible for baseline hematopoiesis (Figure 3). This is consistent 



with the “myelocyte sink theory” put forth by Patt and colleagues 
decades ago [44], and with the continuum model of hematopoiesis 
outlined above. Here the repopulating HSC is simply one cell phe-
notype on a cell cycle related continuum of change. The myriad of 
progenitor clones fits with the bar-coding data. 

Thus we propose that, in general, stem cell systems represent 
proliferating systems in which the potential of the stem /progenitors 
cells is constantly changing with cycle transit. The changes may be 
miniscule at very short intervals of time, but represent significant 
shifts on eventual cell fate at longer time intervals. This would fit 
with the bar-coding experiments. It would provide a very elegant 
flexible system attuned to a multitude of adjustments which would 
be necessary with stresses upon the hematopoietic system such as 
inflammation, infection, trauma, hemorrhage, anemia, toxins, cir-
cadian influences, aging and a variety of disease states.
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