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Collective dynamics of stem cell populations
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to injury and typically reside in small numbers in tissue-specific locations known as
niches that provide precisely regulated microenvironments to nurture stem cell activity
(4). Although tissue-specific differences are
apparent, a number of broad regulatory principles have become clear. Typically, adult
stem cells divide relatively infrequently and
regulate tissue homeostasis through a hierarchy of increasingly committed progenitor
cells, which serve to increase cell numbers
and ensure that an appropriate balance of cell
types is robustly maintained over an entire
lifetime. However, quiescent stem cells must
also remain poised to initiate rapid tissue regeneration when needed, for instance subsequent to disease or damage. To achieve both
robustness and sensitivity requires precise regulation of stem cell proliferation, differentiation, and apoptosis and continual adaptation
of these functions to changes in envi-ronmental
conditions. Elucidation and recapitulation
of the feedback mechanisms by which this
balance is achieved are major challenges in
stem cell biology and regenerative medicine.
Studies since the late 1970s have emphasized
the importance of the niche in coordinating
extrinsic and intrinsic regulatory mechanisms and maintaining appropriate stem
cell proliferation (4). However, niches are
themselves subject to continual turnover,
and stem cells do not necessarily remain in

This year marks the 50th anniversary of
the publication of a landmark paper in
PNAS in which Till et al. proposed a remarkable model of stem cell proliferation (1).
Their idea, based on assessment of colonyforming statistics in light of a mathematical
model of a stochastic birth–death process,
was that individual stem cell dynamics are
inherently random. This surprising proposal
quickly ignited a heated, and long-running,
debate over stochastic and instructive models of stem cell behavior (2). In the intervening half century, many models of stem cell
dynamics have been proposed, yet the
mechanisms by which stem cell numbers
and activity are regulated are still not completely understood. In PNAS, Lei et al. contribute an original idea to the ongoing
discussion (3). Drawing on notions from
evolutionary theory, they propose a general mathematical framework that views
regulation of stem cell population activity
as an optimization problem, which achieves
best solution when there is cross-talk between genetic and epigenetic feedback
mechanisms.
Stem cells are present throughout development and adulthood and are characterized
by their ability to self-renew and differentiate
along multiple different cellular lineages. In
the adult, stem cells are responsible for
regulating tissue homeostasis and response
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their niche, even under homeostatic conditions (5). For example, trafficking of hematopoietic stem cells between the bloodstream
and their bone marrow niche is necessary
for development and healthy lifelong hematopoiesis and provides a means for stem cells
to initiate a rapid systemic response to tissue
damage (6). This trafficking is regulated by
various different cytokines and is subject to
numerous complex systemic feedback control mechanisms, including, for example,
circadian oscillations (7), which ensure appropriate balance between circulating and
quiescent hematopoietic stem cells in the
body and continually optimize stem cell numbers and activity. However, although much
is now known about the individual molecular and cellular components involved in
these regulatory mechanisms (see ref. 6 for a
recent review), the general strategies by which
these diverse components combine to regulate
stem cell activity at the systems level are
largely unknown. However, deciphering such
systemic optimization strategies is of central importance to understanding stem cell
dynamics.
Against the backdrop of these challenges,
Lei et al. outline a general mathematical
framework that applies tools from optimization theory to understand stem cell dynamics
(3). In their model, stem cell numbers are
regulated by rates of proliferation, differentiation, and apoptosis that are continually
tuned by both genetic and epigenetic feedback mechanisms to maximize population—
not individual cell—performance. Key to
this process is diversification of the stem cell
population over a variety of different epigenetic states (taken in the broad sense to
mean characteristics heritable through cell
division, including molecular expression patterns, not associated with changes in DNA
sequence) and association of different epigenetic states with different propensities for
proliferation, differentiation, and apoptosis.
Importantly, both total cell numbers and the
distribution of epigenetic states within the
population are regulated by system-level feedback mechanisms and coevolve to maximize
tissue performance. This approach provides
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Fig. 1. (Left) Model 1: Stem cell populations are homogeneous, cell identity is determined, and regulation is exerted
at the single cell level. (Right) Model 2: Stem cell populations are inherently heterogeneous, different molecular states
(positions) confer different functional biases to individual cells, and regulation is exerted at the population level. Both
panels show population expression distributions over a hypothetical 2D expression space.
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fresh perspective on some well-known phenomena. For instance, the authors argue that
optimization strategies that use heterogeneous apoptosis rates, in which unfit cells
have a higher propensity for apoptosis,
support healthier long-term tissue homeostasis. This conclusion is not surprising.
However, their reasoning is important.
Rather than dissecting the molecular machinery associated with the cellular stress
response (i.e., focusing on the cell as the
regulated entity), they argue that heterogeneous apoptosis emerges naturally from
evolutionary selection mechanisms that optimize long-term population function. Regulatory mechanisms do not control the
fates of individual cells per se, but rather
the overall structure of the population.
Similarly, they reason that optimization
strategies that use heterogeneous proliferation rates, which depend on both the total cell number and cell-cell variations in
epigenetic status, provide a more robust
and rapid response to tissue perturbation.
Thus, regulated heterogeneity emerges
spontaneously within stem cell populations as a consequence of optimization
of population function by evolutionary
selection principles. Variable populations
perform better and should therefore be
expected.
The notion that apparently functionally
homogeneous stem cell populations are intrinsically variable either in their expression
patterns or responses to directive stimuli has
received much recent experimental attention.
For instance, cell-cell variations in the expression of a range of important transcription factors have been observed to confer
sensitivity to differentiation inducing stimuli
without marking definite commitment in
clonal populations of both pluripotent and
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adult stem cells (8). As a mechanism for
regulating stem cell dynamics, such “nongenetic” variability is appealing because it
allows the population as a whole to remain

Lei et al. outline a
general mathematical
framework that applies
tools from optimization
theory to understand
stem cell dynamics.
primed to respond quickly to a range of
different stimuli while remaining robust to
cell loss (Fig. 1) (9, 10). However, the mechanisms by which such diversity is regulated
have yet to be fully determined, and demonstrations of the powerful regenerative potency
of individual stem cells appear to argue against
a purely system-level perspective (11, 12).
Consequently, the extent to which observed
cell-cell variation is functionally significant,
rather than due to deficiencies in current
stem cell selection and culture procedures, is
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unclear (13). Although these issues have yet
to be fully resolved, it seems that stem cell
dynamics are regulated at both the population and individual cell level by interplay
between cell intrinsic and system-level feedback mechanisms (14, 15). Dissecting this
interplay is a major challenge for the coming
years that will require both reductionist and
system-level approaches.
Fifty years ago, Till et al. saw that a mathematical model previously used to describe
cosmic ray showers also explained certain
aspects of stem cell dynamics (1). This observation opened up a whole new perspective on
stem cell biology that is still being explored
today. By adapting ideas from evolutionary
theory and population biology, Lei et al. offer
another approach to this complex problem
(3). Such cross-fertilization of ideas has been
central to progress in stem cell research in the
past and may be necessary for progress in
the future.
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