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Abstract

Asymmetric cell division is a common concept to explain the capability of stem cells to
simultaneously produce a continuous output of differentiated cells and to maintain their
own population of undifferentiated cells. Whereas for some stem cell systems, an asym-
metry in the division process has explicitly been demonstrated, no evidence for such a
functional asymmetry has been shown for hematopoietic stem cells (HSC) so far. This
raises the question regarding whether asymmetry of cell division is a prerequisite to
explain obvious heterogeneity in the cellular fate of HSC.

Through the application of a mathematical model based on self-organizing principles,
we demonstrate that the assumption of asymmetric stem cell division is not necessary
to provide a consistent account for experimentally observed asymmetries in the devel-
opment of HSC. Our simulation results show that asymmetric cell fate can alternatively
be explained by a reversible expression of functional stem cell potentials, controlled by
changing cell-cell and cell-microenvironment interactions. The proposed view on stem
cell organization is pointing to the potential role of stem cell niches as specific signal-
ing environments, which induce developmental asymmetries and therefore, generate
cell fate heterogeneity.

The self-organizing concept is fully consistent with the functional definition of tissue
stem cells. It naturally includes plasticity phenomena without contradicting a hierar-
chical appearance of the stem cell population. The concept implies that stem cell fate is
only predictable in a probabilistic sense and that retrospective categorization of stem
cell potential, based on individual cellular fates, provides an incomplete picture.

Index Entries: Stem cell fate; niche; asymmetric division; mathematical model; simu-
lation analysis.
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Classical Concepts of Stem Cell
Self-Renewal and Differentiation

Beside the production of a continuous
output of terminally differentiated cells, the
ability to maintain their own population of
undifferentiated cells is one fundamental
characteristic defining tissue stem cells.
Frequently, this capability is referred to as
self-renewing potential. Although it is not
the only criteria to define tissue stem cells
(1-3), the explanation of the self-renewing
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potential has always played a common role
in stem cell biology. A number of concep-
tual approaches has been proposed to
explain the self-renewing/differentiation
duality of stem cells (4-8). A very frequently
cited concept to explain stem cell self-
renewal is asymmetric cell division (Fig. 1A).
This concept suggests that a stem cell on
division always generates one stem and one
differentiated daughter cell. By this means,
a continuous output as well as a stable stem
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Fig. 1. Classical stem cell concepts. (A) Asymmetric stem cell division, generating one stem (denoted by S) and one differentiated (denoted by D)
daughter cell. (B) Symmetric stem cell division, either into two stem or two differentiated daughter cells. (C) Clonal succession, with a fixed pool
of stem cells, which successively releases cells to form clones of differentiated cells. (D) Symmetric stem cell division together with an independent

process of differentiation.

cell population is guaranteed. However, this process by itself
does not realize a true self-renewal potential because neither
the stem cell number nor a specific stem cell property can ever
be renewed if it has previously been lost (e.g., in case of injury
or stem cell depletion). In other words, asymmetric cell divi-
sion does not allow a dynamic regulation of the production
rates for stem and differentiated cells and it is therefore more
appropriate to denote the resulting process as self-maintenance
(8). To overcome the inflexibility of constant self-renewing and
differentiation rates, two further possible types of stem cell
division, namely symmetric division, either to produce twoiden-
tical stem cells or two identical differentiated daughter cells,
have been proposed (Fig. 1B). By changing the particular rates
one can induce growth or reduction of the stem cell popula-
tion. Using this type of division scheme (which might addi-
tionally include also asymmetric division) and its regulation,
true self-renewal of the stem cell pool with respect to cell num-
bers can be achieved. However, self-renewal with respect to
cellular properties, such as lineage commitment or prolifera-
tive potential is still not possible because differentiation is per-
ceived as an irreversible one-step process. It should be noted
that with respect to the average behavior on the population
level, a system based on fixed equal rates of symmetric self-
renewing and differentiating divisions is identical to a system
based on asymmetric division only. A conceptually different
option to describe a life-long production of differentiated cells
is the clonal succession theory, which has been proposed by
Kay (Fig. 1C; 9). It postulates a restricted division potential of
each cell. Consequently, the existence of a dormant (nonpro-
liferating) stem cell reserve poolis required. Kay hypothesized
that this reserve pool is formed during embryogenesis. On
demand, individual cells from this reserve can be activated to
initiate the production of a differentiated clone.

If the process of differentiation is considered to be inde-
pendent of cell division (suggested e.g., in [4,7]), all the pre-
viously described approaches can be summarized into one
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common theoretical concept, which is assuming only one type
of symmetric self-replicating division and a differentiation
process (Fig. 1D). Because differentiation can be induced for
none, one, or both daughter cells, this concept includes all pos-
sible combinations of symmetric and asymmetric cell divi-
sions. Also the clonal succession approach is captured by this
description if stem cell amplification is restricted to a specific
phase of development, i.e., embryogenesis. Relaxing this
restriction and allowing for self-replicating (symmetric) divi-
sions within the stem cell reserve pool throughout the whole
life, as proposed by Abkowitz et al. (10), both concepts are
identical.

All the concepts described so far rely on a homogeneous
population of stem cells. As it became obvious that most stem
cell populations are heterogeneous, it was necessary to incor-
poratesome degree of substructureinto the conceptual descrip-
tion. Therefore, the assumption of differentiation to be a
singular event was altered into the description of differentia-
tion as a multistep process. In other words, stem cells gradu-
ally gain a differentiated phenotype while they gradually lose
their stem cell potential. The majority of these theories share
the concept of a developmental hierarchy of tissue stem cells
implying the irreversibility of the differentiation process
(cf.[2,8,11]).

Microenvironment Dependence of Stem Cells:
the Niche Concept

Although the outlined concepts model several different
developmental choices of stem cells, they do not explicitly
describe a mechanism that controls this choice. Different pos-
sibilities, such as a pure stochastic decision, a cell intrinsically
predetermined program, or a cell external control have been
proposed and are still under debate. Currently, it is widely
accepted that stem cell fate is at least partially dependent on
environmental signals. One specific concept is that of a stem
cell niche as a particular growth environment consisting of
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Fig. 2. Stem cell niche concept (after [2]). (A) Stem cell in the niche. (B) If dividing, one daughter cell leaves the niche, initiating a clone. It is still
possible for cells which have already undergone few differentiating divisions to reoccupy empty niches. However, the proliferative potential (size

of produced clones) of these cells is already reduced (C).

different (e.g., stroma) cell types and extracellular matrix com-
ponents. Schofield first proposed the niche concept for
hematopoietic stem cells (HSC) in the late seventies (see
Fig. 2; 12). It distinguishes different developmental fates of a
stem cell, depending on the microenvironmental signals it
receives. In its original form the niche concept represents a
unidirectional differentiation model combined with the
assumption that HSC reside in a specific microenvironmental
niche. The proliferation of cells that do not receive niche sig-
nals is tied to an irreversible differentiation process. In con-
trast, cells that do receive niche signals divide symmetrically
without differentiating. However, whereas one of the daugh-
ter stem cells remains in the niche, the other has to leave it. In
this sense, the division process mightalsoberegarded asasym-
metric with respect to the spatial arrangement of the daugh-
ter cells. If there are empty niches, stem cells have the potential
to re-enter these niches, which would prevent further differ-
entiation. Still, according to the paradigm of an irreversible
unidirectional differentiation process, proliferative potential
lost during one or more differentiating divisions cannot be
regenerated.

The assumption of an environment induced differentiation
arrest has also been adopted, for example, by Muller-Sieburg
and Deryugina (13). These authors assume a differentiation
block of HSC, explicitly induced by their direct attachment to
stroma cells. The proposed mechanism s the occupation of recep-
tormolecules by theattachment process, which otherwise, could
receive and transmit differentiation signals.

Although originally suggested for the hematopoietic sys-
tem, stem cell supporting microenvironments (i.e., niches) have
been characterized for other tissue systems, such as epithelial
(intestinal crypts, hair follicles) or neural stem cell systems.
For a review on different stem cell niches and their signaling
components it is referred to Li and Xie (14).

A generalization of the idea of different signaling contexts
is the concept of actual and potential stem cells, which was orig-
inally proposed for the intestinal crypt by Potten and Loeffler
(1,7). Actual stem cells are exposed to appropriate signals,
inducing them to actively perform self-maintenance (or even
self-renewal) and differentiation. In contrast, potential stem
cells are not exposed to appropriate signals. However, they
have the same potential and are able to turn into actual stem
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cellsif thesearelacking. Theseauthors, furthermore, suggested
the possibility for stem cells to regain previously lost self-
renewal potential under certain circumstances, such as regen-
eration after injury. In these situations, potential stem cells
that have already undergone a number of differentiation steps
are still able to take the job of depleted stem cells, e.g., by occu-
pying their place within the appropriate growth environment
(stem cell niche). Beside the fact that differentiation and cell
division are regarded as independent processes, this concept
is the first, which explicitly assumes a potential reversibility
of stem cell development.

Experimental Evidence for Asymmetric
Cell Division

The self-renewal/differentiation duality in stem cell func-
tion obviously requires a certain degree of asymmetry in the
fate of stem cells. Although this asymmetry in the develop-
ment of stem cell progeny can be demonstrated experimentally,
the knowledge of the mechanisms inducing this fate asymmetry
is still incomplete. One possibility to explain asymmetric stem
cell fates is obviously asymmetric cell division. There are a num-
ber of systems where asymmetry in the division process has
been observed. Prominent examples are germline stem cells
in Drosophila ovary and testis. These cells are attached to spe-
cific cap (ovary; 15-18) and hub (testis; 19-21) cells. Following
division, one daughter stem cell remains attached, whereas
the other loses direct contact. It has also been demonstrated
that this process is accompanied by an active control of spin-
dle orientation during mitosis (see e.g., ref. 21). Other exam-
ples for an asymmetry in the cell division process are germline
stem cells in Caenorhabditis elegans and Drosophila neuroblasts
(22-25).For detailed reviews on asymmetric cell division mech-
anisms in invertebrates the reader is referred to Knoblich (26)
and Kaltschmidt and Brand (27).

For vertebrates and in particular for mammalian systems,
asymmetric cell division has explicitly been demonstrated only
for a small number of specific cell types, such as neural and
epidermal stem cells. In these systems, the different develop-
mental fates have been shown to correlate with asymmetric
protein segregation and with alteration of spindle orientation
during mitosis (28-30). A common feature of both systems is
that asymmetric fate is closely linked to physical location and
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microenvironmental structure: neural stem cells (e.g., in the
subventricular zone of the lateral ventricle) are attached to
ependymal cells at the ventricular surface (31). If, on division,
one daughter cell loses direct contact, it is free to migrate and
to differentiate into a neuron. Similarly, embryonic (day E12.5)
epidermis stem cells normally form a single-layered structure,
allowing for direct contact with the basement membrane. In
contrast to membrane-parallel cell division, this contact is lost
in case of divisions perpendicular to the basement membrane
(induced by altered spindle orientation). The daughter cell,
which is now no longer attached to the basal membrane, then
gives rise to a committed suprabasal cell (30). Another exam-
ple where the microenvironmental structure plays an impor-
tant role in the determination of cellular fates is the intestinal
crypt. In this system, the stem cells are believed to be located
at the bottom of the crypt, tightly linked to so called Paneth
and mesenchymal cells (32,33). On division a proportion of the
daughter cells move upwards, providing a supply of new func-
tional cells in the villus, which grow out of the top of the crypt.
During this process the cells change their phenotype, includ-
ing the loss of proliferative activity.

In all these systems, a strong correlation of spatial arrange-
ment and stem cell fate is visible. However, it is not clear,
whether the dislocation of a daughter stem cell from niche
components is a system-controlled process intended to induce
differentiation. It might also be the case that the dislocations
simply emerge as aresultof the physical tissuestructure (34,35)
subsequently leading to differentiation. The key difference
between these explanations is that in the second perspective,
a stem cell does not have to “know” its developmental direc-
tion prospectively. It acts as a stem cell (i.e., taking one of two
alternative developmental fates) because it is directed by its
microenvironment. Clearly, the cells still need to have the gen-
eral potential to react on the altered signaling context, induced
for example by spatial dislocation.

Asymmetric Stem Cell Fate
in the Hematopoietic System

Although the hypothesis of ahematopoietic stem cell (HSC)
niche has been around for more than 20 yr (12), only recently
members of a well-defined subpopulation of osteoblastic cells,
the spindly-shaped N-cadherin osteoblastic cells (SNO), have
been explicitly proposed as potential components of the HSC
niche (36). Primitive HSC are able to attach to SNO cells using
two specific adherence junction molecules, N-cadherin and
B-catenin. In such an attached state, the HSC are kept dormant
(i.e., noncycling) and are able to preserve their primitive phe-
notype. These observations, together with the fact that the
binding of stem cells to specific stroma cell types is promot-
ing the maintenance of long-term repopulating potential in
vitro (37,38), suggest that in the hematopoietic system it is also
the microenvironment and the spatial arrangement of a stem
cell niche that influences the developmental fate of HSC. On
the other hand, there is no experimental evidence for an asym-
metric cell division in HSC, induced by mechanisms such as
alteration of spindle orientation or asymmetric protein distri-
bution during mitosis.

Although no asymmetric division mechanism can be iden-
tified explicitly, cell division events of hematopoietic stem or
progenitor cells are frequently categorized as symmetric or
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asymmetric. This categorization is made on the basis of differ-
ent criteria, such as proliferation activity or lineage contribu-
tion of the daughter cells, applying retrospective analyses of
either cell division trees, e.g., by using time-lapse videos, or
colony-forming assays of twin cells by separate plating of the
daughter cells immediately after division (39—42). For exam-
ple, if the two daughter cells are both giving rise to a colony
within a defined period of time, the corresponding cell divi-
sion (which generated the two daughter cells) is denoted as
symmetric. If, as another example, the daughter cells give rise
to progeny of different lineages (e.g., one producing erythroid
and the other myeloid precursor cells), the cell division is
denoted as asymmetric. However, what is actually character-
ized by this notation is the cellular fate, rather than the type
of division. The observable asymmetry in cellular fate is inter-
preted as the consequences of an asymmetric cell division. If
this interpretation is correct, it should be possible to identify
asymmetries within the cell division events. Herein, it is not
sufficient to describe an arbitrary asymmetry to prove that dif-
ferencesin cellular fateare determined by asymmetric cell divi-
sion. It is almost beyond doubt that no cell division event is
absolutely symmetric. By looking long and hard enough, one
would eventually discover asymmetries with respect to some
transcription factor, cell surface receptor, or other molecular
components. To determine a candidate molecule, characteriz-
ing an asymmetric division, inevitably requires the proof of a
functional asymmetry. This means that the asymmetry causally
determines the differences in cellular fate.

These considerations raise the question as to whether the
assumption of asymmetric cell division is a prerequisite to
explain the experimentally observed asymmetry in the cellu-
lar fate of HSC. In our work, we have applied a mathematical
model of hematopoietic stem cell organization (43) to test the
hypothesis of whether the experimentally described asym-
metry in the fate of HSC can be explained without the assump-
tion of asymmetric cell division. This mathematical model,
which is based on self-organizing principles, has already been
demonstrated to consistently describe a broad variety of exper-
imental phenomena in the murine system (43—45). A brief out-
line of the model is presented in the next paragraph.

Self-Organization, Phenotypic Reversibility,
and Cellular Fate

As discussed, classical concepts of stem cell organization
tightly link cell division with the decision on self-renewal / main-
tenance and differentiation. That means, on division a stem cell
explicitly “knows” somehow the fate of its daughter cells. In
contrast, our approach strictly avoids assumptions that require
a direct or indirect predetermination of cellular fates and, there-
fore, does not require inherent stem cell “knowledge.” Cells are
characterized by functional properties, which can reversibly
change within a range of given options. Induced by such a phe-
notypic reversibility, cells are able to react flexibly on specific
cell-cell and cell-microenvironment mediated signals. Asa con-
sequence, the system behavior selects some of the cells by virtue
of the properties, such that these cells actually fulfill the criteria
of stem cells (i.e., the simultaneous maintenance of the stem cell
populations and the production of differentiated cells). In con-
trast to the perspective of a predetermined stem cell identity, this
self-organizing view allows to predict stem cell fates only in a
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Fig.3.Schematic representation of stem cell model (reprinted from ref.43 with permission from International Society for Experimental Hematology).
Cells are assumed to reside in one of two growth-environments GE-A or GE-Q. Proliferation is only possible in GE-£2.Whereas affinity a decreases
by factor I/d per time step in GE-Q, it increases by factor r per time step in GE-A.The actual quantity of a is depicted by different font sizes within
each cell. If a has fallen below a . the cell has lost its potential to switch to GE-A (represented by empty cells:a =0) and is called differentiated.

Transition between GE-A and GE-Q occurs with intensities o. and .

probabilistic sense. Applying these general principles to the
hematopoietic system, we particularly consider stem cells to be
able to receive and interpret signals induced by two different
growth environments, denoted as GE-A and GE-Q. The current
state of a cell is characterized by its actual membership to either
GE-A or GE-Q, its position in the cell cycle, and by an affinity
(2), which determines the propensity of a cell to reside in GE-
A. Whereas cells in GE-A are assumed to be nonproliferating,
cellsin GE-Qareactively dividing. All cell divisions areassumed
to be symmetric, i.e., both daughter cells are identical to their
mother cell. Furthermore, while exposed to the signaling con-
textof GE-Q, cells will gradually lose their affinity a. This process
is characterized by the differentiation coefficient d. The loss of
affinity a can be regained when cells come under the influence
of GE-A. Here, affinity a is incrementally increased (regenera-
tion coefficient r) up to a maximum value a_ . GE-transition,
i.e., the change of a cell from GE-A to GE-Q and vice versa, is
modeled as a stochastic process. The transition intensities (prob-
abilities of GE-change per time step) are assumed to be depend-
ent on the individual affinity a of a cell and on the total number
of stem cells in the target GE. If the affinity of a particular cell
has fallen below a threshold a,_, , it is set to zero. This implies
that the cell cannot change to GE-A and, therefore, cannot regain
aanymore. Whereas all cells witha > 0 are denoted as stem cells,
cells with a = 0 are called differentiated. Figure 3 provides a
schematic representation of the model. For further details it is
referred to Roeder and Loeffler (43).

Although this perspective of stem cell organization does
explicitly preclude asymmetric cell divisions, it still accounts
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for asymmetric cell fates. This asymmetry, however, is not pre-
defined, but emerges as a result of different cell-cell and
cell-microenvironmentinteractions. Interpreting self-renewal
as the generation of cell progeny with identical functional
potential as the original cell, this is achieved in the self-organ-
izing model through the use of a two-stage process rather than
by a singular event, such as asymmetric division. To illustrate
this, let us have a look at an example cell with initial affinity
a,. If this cell divides under the influence of GE-€, it generates
two identical daughter cells. However, owing to the fact that
completing a cell division takes a certain time, the affinity
changes to a new value a, (with a, <a,) for both daughter cells.
If one of the daughter cellsnow changes to GE-A, subsequently
regaining its affinity to the starting value a;, whereas the other
daughter cell continues to decrease a (staying in GE-Q), we
finally arrive at cells with different properties: one with the
initial affinity 2, and one (or more) with a new affinity a,, with
a, < a,. The asymmetric fate of the two daughter cells gener-
ates the situation of self-maintenance, i.e., maintaining a cell
identical to the original cell with respect to affinity a. The sit-
uation of true self-renewal (i.e., amplifying the number of cells
with the original functional potential) is achieved whenever
both daughter cells regenerate their affinity up to the initial
value a,. Finally, symmetric differentiation is obtained in the
case that none of the daughter cells changes to GE-A (see Fig. 4
for a graphical illustration).

Depicting cellular fates at the clonal level (Fig. 4, lower
panel), clearly points to the potential for (mis-)interpreting
symmetric and asymmetric cellular fate by means of different
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Fig. 4. Self-renewing and differentiating stem cell fates.The three panels illustrate the realization of asymmetric (A), symmetric self-renewing (B),
and symmetric differentiating (C) stem cell fates in the context of the self-organizing stem cell model. Upper graphics show schematic represen-
tations of clonal development with respect to the two model growth environments and affinity a. Lower graphics give the corresponding clone
tree representations (cell fate over time) with gray-scale coding of actual affinities a (dark gray: high g, light gray: low a).

division types: If a particular division event is retrospec-
tively categorized as symmetric or asymmetric purely based
on the state (e.g., the actual affinity a) of the daughter cells
ata certain point postdivision, then the clone tree could eas-
ily suggest a causal relation of developmental fate and divi-
sion, although no asymmetry in the division process was
involved.

Quantitative Description of Cellular Fate

In the last section the possibility for a consistent explana-
tion of asymmetric cell fate without assuming asymmetric divi-
sionwas described ata qualitativelevel. Itisnow demonstrated
that it is also possible to quantitatively explain experimental
results on asymmetric stem cell fate within the context of the
self-organizing stem cell model. To do so, the earlier outlined
mathematical model is applied to a particular type of stem cell
asymmetry, which hasbeen described experimentally by Punzel
and colleagues (41). In particular, these authors analyzed the
in vitro cell cycle activity of human cord blood cells. They
sorted individual CD34*/CD38" cells into 96-well plates, which
were previously coated with either bovine serum albumin
(BSA), fibronectin (FN), or a specific stroma cell line feeder
layer (AFT024). Using the membrane dye PKH-26 and time-
lapse fluorescence microscopy, the authors kept track of the
division history of each individual cell within a culture period
of 10 d. A cell division is defined as asymmetric if one of the
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first-generation daughter cells did not divide during the cul-
ture period, whereas the other daughter cell performed at least
one division. To quantify the occurrence of asymmetric cell
divisions, the authors used the percent of cells that show asym-
metric division with respect to all cells deposited (denoted as
AD index). The experiments demonstrated that about one
fourth to one third of the plated cells showed asymmetric divi-
sion activity (AD =22.9 % for BSA cultures, 22.8 % for FN cul-
tures, 31.1 % for AFT024 cultures). This data also suggest that
stroma coculture (AFT024) is able to increase the asymmetric
behavior.

To simulate these cell cultures within our model, several
individual systems are initiated with single cells. The model
parameters are based on previous simulation studies and are
given in Appendix A. After model initiation with a single cell,
the system s traced for 10 d according to the experimental pro-
tocol. Whenever only one of the two first-generation daugh-
ter cells is performing further cell divisions within the 10 d
period, thedivisionis denoted asasymmetric. To compare sim-
ulation and experimental results, the amount of asymmetric
division is determined according to the previously described
AD index. Owing to the fact that the two-stroma free culture
conditions (BSA, FN) did show almost identical results in the
experimental situation, we only consider one type of stroma
free (BSA)and the stroma-dependent culture settings (AFT024)
for comparison with model results.
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Table 1
Parameter Dependence of Asymmetric Cell Fate

Initial Regeneration Proportion of asymmetric
affinity coefficient divisions (%)
a=0.1 r=1 0.0

a=0.5 r=1 114

a=1 r=1 30.8

a=0.1 r=11 12.4

a=0.5 r=11 37.2

a=1 r=11 39

Given are the simulated proportions of “asymmetric divisions”
(according to the definition specified in the text) for different choices
of initial affinity a and regeneration coefficient r. The proportions rep-
resent average results from 500 simulation runs for each setting.

A sensitivity analysis of the simulation model showed that
the proportion of asymmetric divisions is especially sensitive
to the initial affinity a of in silico culture initiating cells. The
higher the initial affinity values of the cells, the higher the pro-
portion of asymmetric cell divisions (Table 1). Because the affin-
ity directly correlates to the probability of a cell to long-term
repopulate a model system, these results can be interpreted
such that highly potent stem cells, i.e., cells with high long-
term repopulating potential, more frequently exhibit an asym-
metric cell fate compared with cells with a lower long-term
repopulating ability.

The experimental results, showing that coculture of
CD34"/CD38 cells with AFT024 stroma cells is enhancing the
number of asymmetric divisions, can be explained in terms of
the model by differences in the regeneration coefficient r.
Whereas r = 1.0 (which does not allow for a regeneration of
affinity a in GE-A) produces low proportions of asymmetric
cell fates, r > 1 leads to an increase in asymmetric cell fates
(Tab. 1). This result shows that the stem cell supporting poten-
tial of particular stroma cell types in vitro can consistently be
represented in the model by a growth environment (GE-A)
thatallows fora certain degree of a-regeneration. Moreover, these
results suggest that a regeneration supporting GE-A (r > 1) can
serve as an appropriate description for an in vivo stem cell
niche. This interpretation also implies that differences in the
stem cell support of various in vitro systems and of (possibly
different) stem cell niche microenvironments in vivo might
adequately be described by a common quantitative measure.
The described effects of varying model parameters are also
visible at the clonal level. Figure 5 shows a number of typical
examples of in silico clones. Significant qualitative differences
of the structure and of the heterogeneity of the clone trees are
detectable. Particularly, the heterogeneity of cellular fates
points to the fact that a (retrospective) classification of the stem
cell potential of an individual cell, on the basis of its actually
realized fate in a specific situation, can be misleading.

Based on these results, we were able to derive particular
parameter configurations that consistently reproduce the pub-
lished experimental results. The variation of the initial affin-
ity range and the regeneration coefficient leads to a good
quantitative fit of simulation results and observed proportion of
asymmetric divisions according to the definition giving earlier
(Fig. 6). Whereas both simulation scenarios shown in Figure 6
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use initial affinities a, uniformly distributed on the interval
(0.5; 1), the stroma free situation is described by a regenera-
tion coefficient of = 1.00, in contrast to an r = 1.05 for the sit-
uation of a stroma supported culture system. It should be
noted that the latter r-value is still smaller than 1.1, which is
the regeneration coefficient assumed for the description of in
vivo situations (45).

Interpretation and Implications

Classically, the experimentally observed heterogeneity of
stem cell fate is explained by the assumption of asymmetric
cell divisions. However, the observed asymmetries in the fate
of hematopoietic progenitor cells should not be confused with
a predetermined functional asymmetry in the division process.
Our results clearly show that the experimental results regard-
ing the proliferative stem cell activity in vitro can consistently
be explained without assuming a specific type of asymmetric
celldivision. It should be noted that our results arenotrestricted
to this specific experimental situation. It is also possible to
explain asymmetries in the lineage specification of multipotent
hematopoietic progenitors (as experimentally described e.g.,
in [39,40]) along the same lines of argumentation (data not
shown). Although the presented model analysis does not
exclude the general possibility of asymmetric cell division, it
clearly suggests an explanation, why a functional asymmetry
in the cell division process of primitive hematopoietic progen-
itors has not been demonstrated to date. Besides this alterna-
tive explanation of asymmetries in cellular fate, the proposed
perspective of understanding stem cell systems as flexible, self-
organizingstructuresrather thana collection of preprogrammed
cellular entities incorporates a number of implications.

First of all, the proposed perspective does require a certain
amount of reversibility in the differentiation process to gen-
erate a sustained heterogeneity of the stem cell population.
This heterogeneity is necessary to allow the system to react
flexibly in response to particular needs, such as regeneration
following injury or enhanced production of differentiated cell
output in case of infection. There are a number of experimen-
tal results, which provide evidence that stem cells are indeed
able to flexibly alter their properties and functionalities.
Examples of such phenotypicreversibility of stem cells encom-
pass phenomena of tissue and lineage plasticity (46-50), as
well as reversibility in the expression of cell surface receptors
(51), cell cycle status (52,53), or engraftment potential (54-56)
of cells within one specific tissue or lineage.

The assumption of phenotypic reversibility leads directly
to a second implication of the self-organization perspective.
Although the experimentally described hierarchy of stem and
progenitor cells (e.g., regarding their repopulation potential)
is also generated by the self-organizing system, there is a
marked difference in the nature of this hierarchy compared
with the classical interpretation in terms of a unidirectional
differentiation process. Whereas the structure of the hierar-
chy is generated and stabilized by the self-organizing system,
theindividual components, i.e., the cells, are able to reversibly
change between different positions in the hierarchy. In this
sense, the stem cell hierarchy is a dynamically stabilized struc-
ture with continuously changing properties of individual cells.
This can be compared with the situation of the dynamical
equilibrium of a chemical (forth and back) reaction. Although
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simulation

0.1

Fig. 5. Individual cell fates. Given are representative simulation examples of individual, single cell induced in silico cultures over a 10 day period
according to the indicated parameter values (compare also Tab. I). In contrast to Figure 4, the clone trees simply illustrate the division his-
tory, not (color) coding for different affinity values. Clone trees representing “asymmetric divisions,” according to the stated definition, are

marked by an*.
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Fig. 6. Comparison of experimental and simulation data. Bars represent
the mean percentand the standard deviation for the proportion of asym-
metric divisions (AD score).The experimental results (taken from ref.
41),are based on n = |3 independent evaluations of 96-well plates per
culture condition. Corresponding simulation results have been obtained
by evaluating n = 100 in silico experiments per setting, each consisting
of 96 individual, single cell induced model systems. Culture conditions
“without stroma support” and “with stroma support” refer to the BSA
and the AFT024 culture as described in ref. 4/.

such equilibrium appear to be stable, there is still a constant
flux of individual molecules reacting in one or the other direc-
tion. It should be noted that the capability of individual stem
cells to fulfill specific functions is not a constant property, but
is continuously changing and adapting in response to system
requirements. Some cells actually have a larger potential to
take over the function of cells at another point in the hierar-
chy than others. However, this picture might change in another
situation. As an example, the loss of highly potent stem cells
(at the top of the hierarchy) owing to injury might be com-
pensated by cells, which would not act as repopulating stem

cells without the injury event (57). Although notidentical, this
situation can be compared with a management hierarchy of
an enterprise with rather fixed functions and responsibilities,
but with changing persons to fulfill these. Although unlikely,
it is not impossible for an ordinary but qualified employee to
become aleading manager. Of course, thisis a rare event; how-
ever, it might be more likely under certain extraordinary cir-
cumstances. Along these lines, stem cell plasticity can be
interpreted as the infrequent realization of an unused poten-
tial of cells, which can be made more likely when cells are
challenged by certain external events, such as artificial assay
conditions or injury.

Athird implication of the self-organizing perspective is the
importance of cell-cell and cell-microenvironment interac-
tions. Generally, self-organization is characterized by an inter-
action of individual system components acting according to
local rules. These local rules determine the generation of a
global system structure without being governed by any other
external instruction. Within the proposed stem cell model, the
local rules characterize the individual reactions of cells in
response to the signals of their actual growth environment. It
is the interaction of stem cells and their local growth environ-
ment, which induces the asymmetry of cellular development
and, by this means, the generation of heterogeneity. Therefore,
the local stem cell growth environment has to be regarded as
an integral component of the self-organizing concept. In this
sense, the model growth environment GE-A can be interpreted
as the description of a stem cell supporting niche.
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Appendix A
Model parameters used for simulating single-cell-induced cultures
Model parameter a i initial T, d r (without stroma support) f,(0) f.(0)
Ao a range Tg r (with stroma support) f(N,/2) f (N 2)
TGZ/M f{x(NA) f(o(NQ)
fol=) fole)
NA NS)
Value 0.01 0.5 1) 24 1.03 1 0.5 0.5
1 8 r=1.05 0.3 0.3
4 0.01 0.1
0.0 0.0
400 80
References

1. Potten CS, Loeffler M. Development 1990;110(4):1001-1020.

2. Lord BI. In Stem Cells. In: Potten CS. (ed), Academic Press,
Cambridge: 1997; pp. 401-422.

3. Loeffler M, Roeder I. Cells Tissues Organs 2002;171(1):8-26.

4. Till JE, McCulloch EA, Siminovitch L. Proc Natl Acad Sci
1964;51:29-36.

5. Ogawa M, Mosmann TR. In Leukemia: Recent Advances in
Biology and Treatment. In: Gale RP, Golde DW. (ed), Alan R.
Liss Inc., 1985; pp. 391-397.

Stem Cell Reviews

6. Loeffler M, Grossmann B. ] Theor Biol 1991;150(2):175-191.
7. Loeffler M, Bratke T, Paulus U, Li YQ, Potten CS. J Theor Biol
1997;186(1):41-54.
8. LoefflerM, Potten CS.In Stem Cells. In: Potten CS. (ed), Academic
Press, Cambridge: 1997; pp. 1-27.
9. Kay HEM. Lancet 1965;11:418.
10. Abkowitz]L, Catlin SN, Guttorp P.NatMed 1996;2(2):190-197.
. Viswanathan S, Zandstra PW. Cytotechnology 2003;41:75-92.
12. Schofield R. Blood Cells 1978;4(1-2):7-25.
13. Muller-Sieburg CE, Deryugina E. Stem Cells 1995;13(5):477-486.

¢ Volume 2,2006




180

Roeder and Lorenz

14.
15.
16.
. Lin H. Nat Rev Genet 2002;3(12):931-940.
18.

Li L, Xie T. Annu Rev Cell Dev Biol 2005;21:605-631.
Song X, ZhuCH, DoanC, Xie T. Science 2002;296(5574):1855-1857.
Lin H. Nature 2003;425(6956):353-355.

XieT,Spradling A. In Stem cell biology. In: Marshak DR, Gardner
RL, Gottlieb D. (ed), Cold Spring Habor Lab. Press, Cold Spring
Habor, NY: 2001; pp. 129-148.

. Hardy RW, Tokuyasu KT, Lindsley DL, Garavito M. ] Ultrastruct

Res 1979;69(2):180-190.

. Lindsley DT, Tokuyasu KT. In Genetics and Biology of Drosophila.

In: Ashburner M, (ed), AcademicPress, New York: 1980; pp.225-294.

. Yamashita YM, Jones DL, Fuller MT. Science 2003;301(5639):

1547-1550.

. Guo S, Kemphues KJ. Cell 1995;81(4):611-620.

. Jan YN, Jan LY. Nat Rev Neurosci 2001;2(11):772-779.

. Rose LS, Kemphues KJ. Annu Rev Genet 1998;32:521-545.

. Li P, Yang X, Wasser M, Cai Y, Chia W. Cell 1997,90(3):437-447.
. Knoblich JA. Nat Rev Mol Cell Biol 2001;2(1):11-20.

. Kaltschmidt]JA, Brand AH. ] Cell Sci 2002;115(Pt 11):2257-2264.
. Chenn A, McConnell SK. Cell 1995;82(4):631-641.

. Cayouette M, Raff M. Nat Neurosci 2002;5(12):1265-1269.

. Lechler T, Fuchs E. Nature 2005;437(7056):275-280.

. Doetsch F. Curr Opin Genet Dev 2003;13(5):543-550.

. Bjerknes M, Cheng H. Gastroenterology 1999;116(1):7-14.

. Potten CS, Booth C, Pritchard DM. Int ] Exp Pathol 1997;78(4):

219-243.

. Meineke FA, Potten CS, Loeffler M. Cell Prolif 2001;34(4):253-266.
. Galle], Loeffler M, Drasdo D. Biophys ] 2005;88(1):62-75.

. Zhang ], Niu C, Ye L, et al. Nature 2003;425(6960):836-841.

. Wineman J, Moore K, Lemischka I, Muller-Sieburg C. Blood

1996,87(10):4082-4090.

Stem Cell Reviews

38.
39.

40.
41.
42,
43.
. Roeder I, Loeffler M, Quesenberry PJ, Colvin GA, Lambert JF.
45.

46.
47.

48.
49.
50.
. Sato T, Laver JH, Ogawa M. Blood 1999;94(8):2548-2554.
52.
53.
54.
55.
56.

57.

¢ Volume 2,2006

Moore KA, EmaH, Lemischka IR. Blood 1997;89(12):4337-4347.
Suda T, Suda J, Ogawa M. Proc Natl Acad Sci USA 1984;81(8):
2520-2524.

Takano H, Ema H, Sudo K, Nakauchi H. ] Exp Med 2004;199(3):
295-302.

Punzel M, Liu D, Zhang T, Eckstein V, Miesala K, Ho AD. Exp
Hematol 2003;31(4):339-347.

Schroeder T. Ann NY Acad Sci 2005;1044:201-209.

Roeder I, Loeffler M. Exp Hematol 2002;30(8):853-861.

Blood 2003;102(3):1143-1144; author reply 1144-1145.

Roeder I, Kamminga LM, Braesel K, Dontje B, Haan Gd, Loeffler
M. Blood 2005;105(2):609-616.

Blau HM, Blakely BT. Semin Cell Dev Biol 1999;10(3):267-272.
Goodell MA, Jackson KA, Majka SM, et al. Ann NY Acad Sci
2001;938:208-218.

Graf T. Blood 2002;99(9):3089-3101.

Theise ND. Haematologica 2003;88(4):361-362.

Theise ND, Krause DS. Semin Cell Dev Biol 2002;13(6):411-417.

Bradford GB, Williams B, Rossi R, Bertoncello I. Exp Hematol
1997;25(5):445-453.

Cheshier SH, Morrison SJ, Liao X, Weissman IL. Proc Natl Acad
Sci USA 1999;96(6):3120-3125.

Habibian HK, Peters SO, Hsieh CC, et al. ] Exp Med 1998;188(2):
393-398.

Frimberger AE, McAuliffe CI, Werme KA, et al. Br ] Haematol
2001;112(3):644-654.

Quesenberry P, Habibian H, Dooner M, et al. Blood Cell Mol
Dis 2001;27(5):934-937.

Potten CS. Prog Clin Biol Res 1991;369:155-171.




