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Abstract

Although tissue homeostasis—the steady state—implies stability, our organs are in a state of
continual, large-scale cellular flux. This flux underpins an organ’s ability to homeostatically
renew, to non-homeostatically resize upon altered functional demand, and to return to homeostasis
after resizing or injury—in other words, to be dynamic. Here, | examine the basic unit of
organ-scale cell dynamics: the cellular life cycle of birth, differentiation, and death. Focusing

on epithelial organs, | discuss how spatial patterns and temporal Kinetics of life cycle stages
depend upon lineage organization and tissue architecture. | review how signaling between stages
coordinates life cycle dynamics to enforce homeostasis, and | highlight how particular stages are
transiently unbalanced to drive organ resizing or repair. Finally, | offer that considering organs
as a collective of not cells but rather cell life cycles provides a powerful vantage for deciphering
homeostatic and non-homeostatic tissue states.
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INTRODUCTION

We are multitudes of cells, about 30 trillion of them in total (Sender & Milo 2021).
Remarkably, we lose and replace approximately 1.1% of this number each day, a process of
cellular turnover O’Brien that replaces the equivalent of our body mass about every 2.4 years
(Sender & Milo 2021). Hence, our bodies have been likened to Theseus’ ship, which, due to
the ravages of time, eventually must have each of the planks that comprise it replaced as they
decay.

The ancient Greeks used the metaphor of Theseus’ ship to debate whether an object retains
its identity when its individual components are gradually replaced (Cooper 1997), and
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the same puzzle would seem to apply to ourselves. Yet, whereas the replacement planks

of Theseus’ ship originate from an external source, the replacement cells added to our
bodies derive from cells that we already have. Indeed, this insight was the basis of the

Cell Theory, the scientific revolution that Rudolf Virchow galvanized in 1858 when he
proclaimed “Omnis cellula e cellula” (“All cells from [prior existing] cells”) (Harris 2000, p.
135).

Binary fission events, as these first cell biologists called cell division, were, within a few
decades, found to occur even in fully mature tissues (Harris 2000). Virchow’s pupil Guilio
Bizzozero (1892) observed that cell divisions in the intestine were restricted to crypts that
were not exposed to the intestinal lumen, and he speculated that cells born in the crypts
might, over time, move up the villi as a means of replacing lost cells. His speculation may
be the earliest recorded notion of cell turnover. This radical notion of turnover met deep
skepticism (Leblond 1981), however, and the field of biology would have to wait another
half century for a broadly convincing demonstration that cell turnover is continuous and
mature organs are in a near-constant state of renewal.

In 1948, Charles Leblond, Catherine Stevens, and Rita Bogoroch (Leblond et al. 1948)
effectively performed one of the first unbiased lineage-tracing experiments. By pulse-chase
labeling mitotic cells with 3H-thymidine, they demonstrated that, in the small intestine,
cells labeled during the pulse phase of the experiment started in the crypts and, during the
chase period, were displaced into the villi. This striking finding, together with Leblond &
Stevens’ (1948) identification that the tips of villi were cell-extrusion zones, engendered
the compelling view that the crypt-villus axis is a continual conveyor belt of cells, with
“active cell production due to these mitoses ... balanced by an equivalent cell loss, in order
to maintain the ‘steady state’ of the tissues” (Leblond & Stevens 1948, p. 357). Similar
labeling studies in blood and skin revealed cellular turnover in these tissues (Andreasen &
Ottesen 1945, Leblond & Walker 1956), and the possibility that turnover was a widespread
feature of mature organs gained acceptance.

Yet biologists underestimated the complexity (and elegance) of turnover as a cellular
behavior for a long time. Many thought the mature cells that were lost must be

healthy cells accidentally eliminated as a byproduct of physiological activities such as
peristalsis (Leblond 1981). Over time, improved electron microscopy techniques revealed
the ultrastructure of cells being extruded at villus tips and showed that they were, in fact,
infirm and at death’s door (Leblond 1981). Although the connection to apoptosis would
not be made for several decades, these findings introduced the concept that mature cells in
healthy organs can have a characteristic, finite lifespan, after which they are lost.

Cell birth and death bookend any cell’s existence, but a key aspect of a cell’s life was still
missing: differentiation into a terminal cell fate. That cell differentiation occurred regularly
in mature tissues outside of the gonads became starkly evident when McCulloch, Till, and
colleagues reported finding adult hematopoietic stem cells in 1963 (Becker et al. 1963,
Siminovitch et al. 1963). Their landmark discovery established the existence of a dedicated
and relatively undifferentiated blood cell population with the sole purpose of generating new
blood cells. A crucial corollary of their discovery was that these new stem cell daughters are
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born in a nonfunctional state and must acquire their mature function after birth. Shortly after,
Leblond and Cheng (Cheng & Leblond 1974) showed in the intestine that dividing cells

at the base of crypts serve a similar stem cell function. Advances in digestive physiology
helped them to piece together how various types of intestinal cells acquired their specialized
functions as they rose up the crypt-villus axis (Cheng & Leblond 1974, Leblond 1981). This
gives us the full scope of the cell life cycle in self-renewing adult tissues: birth, via stem cell
division of a stem cell, to terminal differentiation to mature physiological function to, finally,
death (Figure 1a).

The Cell Life Cycle Is the Basic Unit of Organ-Scale Cell Dynamics

It is now widely appreciated that tissue homeostasis is, at its essence, a dynamic equilibrium
between cell production and cell loss. In this review, | put forth a more holistic perspective
that views tissue homeostasis not as a simple production and loss equilibrium but rather as
the integration of individual cell life cycles. Akin to how the cell is the basic unit of organs,
the cell life cycle can be viewed as the basic unit of organ-scale cell dynamics (Figure 1b).
This holistic view provides explanatory power for the systems-level robustness of tissue
homeostasis, because it incorporates three basic features of the cell life cycle. First, at the
level of an individual cell, successful progression through each stage of the cell life cycle
implies successful execution of earlier stages. Second, a cell’s life cycle stage determines
the types of signals that the cell can send and receive, as well as the types of behaviors

that the signals can elicit. An illustrative example occurs in the Drosgphila intestine, or
midgut. In this organ, stem cells generate progeny that express EGFR (epidermal growth
factor receptor) at birth but silence it during differentiation (Buchon et al. 2010, Jiang et al.
2009). Hence, the capacity of a cell to be activated by EGF ligands changes with life cycle
stage.

The third feature is a crucial, but often overlooked, consequence of the first two: While
individual cells communicate and coordinate with cells at other life cycle stages, they are
themselves transiting through these stages. The signals that a cell receives help determine
the speed of its life cycle transitions—for example, how long it takes a cell to differentiate,
or how long it takes to die and be eliminated. When aggregated over many cells, these
interconnected signaling circuits control organ-scale properties such as overall cell number
and the relative proportions of stem cells, immature cells, and mature cells. Thus, the
duration and frequency of each life cycle stage represents a potential regulatory node for
tuning the flux of cells through the system in response to changing functional needs or
environmental conditions (Gordon 2016).

Can Cell Life Cycles Give Insight into Non-Homeostatic Organ States?

We often regard homeostatic cellular turnover as typical. However, external circumstances
such as injury, environmental change, reproductive status, or altered functional demand
routinely cause organs to transiently deviate from steady-state equilibrium and drive them
into a non-homeostatic state of repair, remodeling, or resizing (O’Brien & Bilder 2013).

I suggest that by considering the cell life cycle as the basic unit of organ-scale cell
dynamics, we can better understand these non-homeostatic tissue states (Gordon 2016). The
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paradigmatic example of function-driven resizing is the vertebrate intestine, which grows
and shrinks in response to increased or decreased dietary load (Dailey 2014, Drozdowski
2006, Secor et al. 2000). The Drosophila midgut and the mouse skeletal muscle, epidermis,
and mammary gland are other well-characterized tissues in which increased or decreased
functional demand results in organ growth or shrinkage, respectively (Aragona et al. 2020,
Dawson & Visvader 2021, Dekoninck et al. 2020, Fukada 2018,Murach et al. 2018, O’Brien
et al. 2011, Seldin et al. 2017).

Cell life cycles can also provide insight into how a healthy organ can, over time, exhibit

a range of metastable states that differ in terms of organ size and rates of cell turnover
(Shingleton 2010). For instance, switching an animal between rich and poor diets causes its
intestine to undergo non-homeostatic shrinkage (rich to poor diet) or growth (poor to rich
diet), but when the animal is stably maintained on a rich or a poor diet, its intestine remains
at a larger or smaller steady-state size (Aldewachi et al. 1975, Altmann 1972, Bonfini et al.
2021, O’Brien et al. 2011, Yilmaz et al. 2012).

To change size, organs must change the number of total cells, the sizes of individual cells,

or both. As a simple thought experiment, let us consider just one variable, cell number, in a
generic organ as it grows and shrinks. The relationship between total cell number and rate of
change in cell number can be conceptualized as a phase space with regimes of homeostasis,
growth, and shrinkage (Figure 2).

I suggest that understanding how organs accomplish these transient departures from
homeostasis in such a remarkably coordinated manner and then subsequently settle into

a new steady-state size requires that we appreciate how each stage of the cell life cycle

is affected and how feedback signals between cells at different life cycle stages are tuned.
Although this review focuses on the physiological mechanisms of healthy organs, note
that regimes of growth or shrinkage are divided into a physiological realm, which occurs
adaptively to optimize organ function, and a pathological realm, which is detrimental to
organ function. The latter is characteristic of disease states such as cancer or degeneration.
The loss of coordination between stages of the cell life cycle likely plays a major role in
causing an organ to venture into these pathological states.

In the following sections, | consider how collective dynamics of the cell life cycle play

into the ability of an organ to maintain tissue homeostasis or to transiently depart from
homeostasis in response to external events. | examine how temporal and spatial dynamics of
each life cycle stage are coordinated at the organ scale, and | explore how these dynamics
are altered to shift between states of steady-state turnover, growth, and shrinkage. My
examples derive primarily from solid epithelial organs and skeletal muscle because their
structured architectures have made our understanding of them the most advanced in terms
of the spatial and temporal patterns of the cell life cycle. Finally, I offer that closing the
loop on the cell life cycle—i.e., linking the death of one cell to the birth of another—is a
parsimonious explanation for how homeostatic tissues can robustly equilibrate division and
death at the organ scale.
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Ultimately, my goal is to provide a general framework for cell dynamics of adult organs
and to delineate a conceptual bridge that links the life cycles of many individual cells to the
dynamic state of the organ as a whole.

BIRTH: THE BEGINNING OF THE CELL LIFE CYCLE

That stem cell division is a sort of cellular birth is reflected in the very language we use to
describe the event: a so-called mother stem cell divides to produce two daughter cells. One
of stem cells’ defining features is their ability to produce daughters with asymmetric fates:
one daughter, referred to as self-renewing, remains a stem cell, while the other daughter,
referred to as terminal, ultimately differentiates into a cell that specializes to contribute to
physiological function. Although it was long believed that every division of a mother stem
cell produced one self-renewing and one terminal daughter, we now know that in most

adult tissues, such asymmetric fate outcomes occur alongside symmetric renewing outcomes
(two stem cell daughters) and symmetric terminal outcomes (two terminal cell daughters)
(Klein & Simons 2011, Rulands & Simons 2017). During steady-state turnover, homeostasis
is maintained because symmetric renewing divisions occur with equal frequency as do
symmetric terminal divisions. Hence, in aggregate, stem cell divisions produce equal
numbers of stem daughters and terminal daughters at the organ level (Klein & Simons

2011, Rulands & Simons 2017).

When a stem cell divides, and what cell type its daughters become, are profoundly
influenced by the state of the tissue. As the mechanisms that regulate stem cell divisions

in states of homeostasis and injury have been discussed in excellent recent reviews

(Clevers & Watt 2018, Dekoninck & Blanpain 2019, Ge & Fuchs 2018, Gervais & Bardin
2017, Meizlish et al. 2021, Shivdasani et al. 2021, Wu & Tang 2021), here | focus on

how increased stem cell divisions drive adaptive organ growth. | discuss how stem cell
populations that are spatially dispersed throughout an organ’s expanse drive growth through
different mechanisms compared to stem cell populations that reside in distinct niches.

Like adaptive growth, injury repair also requires that stem cells increase their divisions;
ultimately, however, repair mechanisms seek to restore the status quo, while growth seeks to
change the status quo. At the end of this section, | discuss how these opposite end goals are
reflected in various stem cell behaviors during repair versus growth.

Dispersed Stem Cells Drive Growth Through Uniform Expansion

Adaptive growth is a transient state in which the organ shifts from a smaller to a larger
steady-state size. Once growth is complete, the enlarged organ may remain at its new

size for a long time, so growth must occur in a way that retains the organ’s capacity to
self-renew. Some organs in which the stem cell population is uniformly distributed, such as
the Drosophila midgut and mouse epidermis, use a strategy of uniform expansion (Aragona
et al. 2020, Dekoninck et al. 2020, O’Brien et al. 2011).

Expansion is uniform in two complementary ways. First, the organ expands isometrically,
because its stem cell population is dispersed, and stem cells from all regions participate
in generating excess terminal daughters. Second, the stem cell population expands
proportionally to the organ’s increased size, which keeps the spatial density of stem cells
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constant as the organ grows. The absolute increase in number of stem cells arises through a

transient imbalance of symmetric self-renewing divisions over symmetric terminal divisions
during growth. In this manner, the organ ensures it has the right number and distribution of

stem cells to sustain healthy renewal once growth is complete.

The adult Drosophila midgut, which is functionally analogous to vertebrate small intestine,
grows in response to feeding (Bonfini et al. 2021, Chen et al. 2015, Foronda et al. 2014,
O’Brien et al. 2011). Midgut cell number increases by fourfold over a four-day period,
driven by rapid, symmetrically skewed stem cell divisions (O’Brien et al. 2011). The trigger
for these growth-promoting divisions is Drosgphila insulin-like peptide 3 (Dilp3), which

is secreted by gut visceral muscle following food ingestion (O’Brien et al. 2011). Dilp3

is received by stem cells, which are individually distributed throughout the gut’s epithelial
lining (O’Brien et al. 2011). These stem cells are sensitized to the Dilp3 signal because

of elevated expression of the Drosophila insulin receptor, whose translation is boosted by
nutrient-activated upregulation of its 5° mRNA-binding protein Lin-28 (Chen et al. 2015).

Within 3 h of a fly’s initial meal, divisions of the gut’s insulin-activated stem cells skew
toward symmetric renewal (Chen et al. 2015). This switch involves cross talk between
insulin pathway signaling and the midgut fate determinant Notch, whose activation causes
stem cell daughters to become terminal enterocytes. During growth, Notch activation is
blunted by the microRNA miR305, whose expression is upregulated by insulin receptor
activation (Foronda et al. 2014), and by cytosolic Ca2*, which is elevated by ingested
glutamine (Deng et al. 2015). As midguts transition from growth to a new, postgrowth
steady-state, midgut Dilp3 does not decrease (O’Brien et al. 2011); this observation raises
the question of whether this nutrient-activated stem cell pathway self-attenuates over time or
whether it is cancelled by an orthogonal, unidentified stop signal.

Growth of the mouse epidermis also occurs through rapid, symmetrically biased divisions
of distributed stem cells (Aragona et al. 2020, Dekoninck et al. 2020). The epidermis is
organized into cellular layers that are stratified by differentiation stage: Terminal, cornified
skin cells (keratinocytes) comprise the protective outermost layers, while stem cells are
distributed throughout the basal (deepest) layer. Skin stem cells drive uniform epidermal
growth during postnatal life, both when the young animal grows to its adult size (Dekoninck
et al. 2020) and—strikingly—in response to an inflatable prosthetic implant that delivers
exogenous stretch (Aragona et al. 2020). Intriguingly, the tissue deploys the same cellular
strategy even though these two types of growth occur over vastly different timescales—

60 days for postnatal growth versus 4 days for stretch-induced growth (Aragona et al.
2020, Dekoninck et al. 2020). The stem cell response to stretch involves actomyosin-based
mechanosensation, likely via cell adhesion receptors, that leads to the nuclear activation of
two well-characterized, force-activated transcription factors, YAP1 (Yes-associated protein
1) and MAL/MKL1 (megakaryoblastic leukemia/myocardin-like 1) (Aragona et al. 2020).

Localized Stem Cells Drive Growth at a Niche-Like Tissue Edge

Other organs do not grow uniformly but instead expand along one particular axis or border
by adding cells to an edge. In mammary gland and fish gill, caudal fin, and retina, such
edge-directed growth involves a special population of stem cells that resides adjacent to the
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growing edge (Centanin et al. 2011, Fu et al. 2017, Stolper et al. 2019, Tu & Johnson 2011).
During pregnancy, the mammary gland prepares for milk production by forming copious
milk-producing acini at the tips of preexisting tubular ducts (Dawson & Visvader 2021). The
acinar cells are generated by a distinct population of Lgr5*, Tspan8hi stem cells at the tips
of ducts. Unlike other, ductally localized stem cells, acini-forming stem cells are activated to
divide by ovarian hormones produced during pregnancy (Fu et al. 2017).

In contrast to the demand-driven, adaptive growth of particular organs, the entire body of a
fish grows in concert throughout the animal’s lifespan. Fish gill, retina, and caudal fin each
expand radially through growth-specific stem cells found at the outer edge of the existing
structure (Centanin et al. 2011, Stolper et al. 2019, Tu & Johnson 2011). These stem cells
deposit their terminal daughters in a medial orientation so that the stem cells constantly
stay at the growing structure’s edge. At least in the gill, some daughters intriguingly escape
differentiation and instead become steady-state stem cells that renew the newly formed
tissue region (Stolper et al. 2019). Although these steady-state stem cells are dispersed
throughout the gill, akin to stem cells in fly midgut and mammalian skin, they do not
contribute to growth. This division of labor between growth-specific and steady-state stem
cells may be responsible for the ability of adult fish to grow continuously (Stolper et al.
2019).

Overall, the expanding edges of these organs appear to serve as an anatomic niche for
growth-specialized populations of stem cells. It is tempting to speculate that structural
and/or molecular signals at tissue edges regulate the identity and proliferation of these
populations.

Different Types of Stem Cell Activation Are Used for Growth and Repair

Adaptive growth and injury repair both trigger activated stem cell divisions. Stem cell-
driven repair has been thoroughly discussed in excellent recent reviews (Dekoninck &
Blanpain 2019, Ge & Fuchs 2018, Meizlish et al. 2021, Shivdasani et al. 2021, Wu & Tang
2021). Here, I highlight illuminating differences and similarities in the dynamics of stem cell
activation.

A major difference is the means whereby organs expand the stem cell population.
Mathematical modeling argues that the most efficient way to generate a large number of
terminal cells is to first add more stem cells, thus enlarging the system’s capacity to produce
terminal cells (ltzkovitz et al. 2012). It therefore makes sense that, during growth, stem cell
divisions in fly gut and mouse epidermis skew toward symmetric renewing outcomes that
generate additional stem cells, as | elaborated in the prior section titled Dispersed Stem Cells
Drive Growth Through Uniform Expansion. Yet during injury repair—arguably a tissue state
in which new cells are needed desperately—fly gut and mouse epidermal stem cell divisions
surprisingly do not skew toward symmetric renewal (Dekoninck et al. 2020, Jin et al. 2017).
Instead, they both exhibit the same, balanced fate outcomes as during steady-state turnover
(Dekoninck et al. 2020, Jin et al. 2017).

To generate additional stem cells, these injured organs use an alternative strategy:
dedifferentiation of terminally committed cells. Notch-activated enteroblasts in the fly gut
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and Gata6* sebaceous duct cells in mouse skin reenter the cell cycle to generate additional
cells of all lineages (Donati et al. 2017, Tian et al. 2021). Whereas most of this stem-like
behavior is facultative, some dedifferentiated cells permanently adopt a stem cell identity
and contribute to steady-state turnover in the repaired tissue. Dedifferentiation of mature
cells to serve as facultative stem cells also characterizes repair of the small intestine, colon,
airway, liver, and prostate (Knopf et al. 2011, Leedham 2020, Nusse et al. 2018, Ohara et al.
2022, Shivdasani et al. 2021, Tata et al. 2013).

Why would tissues use different strategies for growth and repair? Perhaps the larger tissue
context offers insight. Adaptive growth is triggered by insufficient functional capacity;
widespread dedifferentiation of mature cells during growth, as occurs during repair, would
be counterproductive because it would further reduce organ capacity. Injury repair, however,
is an acute emergency response in which temporary loss of functional capacity may be an
acceptable trade-off.

Another comparison involves specialized populations of stem cells. In the prior section,

I discussed growth-specific stem cells that inhabit the expanding edges of some organs.
Analogous, repair-specific stem cells are found in organs such as the distal lung and

oral mucosa. Akin to growth-specific stem cells, these repair-specific stem cells localize

to specific niches. In mouse distal lung, Scghlal*, Sftpc* stem cells (also known as
bronchioalveolar stem cells) become activated by damage to regenerate lung alveolar and
some airway cells but remain quiescent during steady-state turnover (Liu et al. 2019, Salwig
et al. 2019). Similarly, in oral mucosa, Lrigl-enriched stem cells (also known as junctional
zone stem cells) activate and regenerate tissue in response to damage but do not participate
in steady-state turnover (Byrd et al. 2019).

Like growth-specific stem cells in the mammary gland, which localize to ductal-acinar
junctions (Fu et al. 2017), repair-specific stem cells in lung and oral mucosa localize

to anatomic junctions that serve as transition zones between the organ’s distinct tissue
structures. Bronchioalveolar stem cells in the lung reside at junctions between bronchiolar
ducts and alveolar acini (Kim et al. 2005, Liu et al. 2019, Salwig et al. 2019). In oral
mucosa, junctional zone stem cells reside at junctions between rugae ridges and interrugae
depressions (Byrd et al. 2019). Perhaps transition zones have a distinct physical and/or
signaling environment that serves as a selective niche, shielding stem cells from routine
renewal signals while transmitting signals for rapid cell production during growth and repair.

DIFFERENTIATION: A LONGER-TERM OPPORTUNITY TO EITHER BOOST
OR BUFFER ORGAN-SCALE CELLULAR FLUX

The Case for Considering the Kinetics of Cell Differentiation

Studies of tissue homeostasis have largely focused on stem cell divisions and daughter
fate decisions; the next stage, terminal differentiation, is often regarded as a fait accompli
in which the cell simply executes its chosen fate program. Rather than a preprogrammed
process, however, differentiation is an opportunity for cells to tune intrinsic fate programs
in order to accommodate changing tissue-level demands. Cells in most organs require
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multiple days to terminally differentiate; during this time, the tissue’s needs may change
radically. Differentiation thus provides the opportunity for a cell to sense its evolving tissue
environment over a longer timescale and, if needed, to adjust its original fate trajectory.

Indeed, differentiating cells are ideally situated to mount a rapid response to changing tissue
needs (Hsu et al. 2014, Lander et al. 2009, Tata & Rajagopal 2016). First, they already exist,
unlike lagging progeny generated through a stem cell response. Second, they have more
phenotypic plasticity compared to fully mature cells, as they are still immature. Finally, any
adjustments that differentiating cells make carry less long-term risk to the tissue compared
to adjustments made by stem cells, because differentiating cells have limited, if any, ability
to propagate.

In this section, I discuss three key variables that can impact a cell’s differentiation trajectory:
feedback and feedforward relays between the differentiating cell and cells at other life cycle
stages, the temporal pacing of a cell’s differentiation journey, and the physical size that a cell
attains as it differentiates. Through collective coordination of these variables, differentiating
cells act to expedite or buffer life cycle dynamics at the organ scale. Their linchpin role
ensures that an organ’s many asynchronous cell life cycles are harmoniously coordinated to
achieve a collective goal, such as maintaining a zero net cellular flux during the steady state.

Differentiating Cells Are in a Dialogue with Both Stem Cells and Mature Cells

Differentiating cells are the ontogenic link between stem cells and fully mature progeny in
the cell life cycle. In most organs, they are also in physical contact with these other two
populations. These ontogenic and spatial relationships place differentiating cells in a key
position to send signals to and receive signals from both stem cells and mature cells.

Negative feedback from differentiating cells to stem cells regulates the rate of stem cell
divisions in multiple organs. The organ-scale dynamics of this feedback have been mapped
in the adult zebrafish brain at single-cell resolution in real time (Dray et al. 2021). In the
fish brain, stem cells and terminally committed daughter cells form a single layer in the
brain pallium. Terminal daughters express a membrane-bound Delta ligand, which activates
Notch receptors on the surface of stem cells that they physically contact (Dray et al. 2021).
Notch activation causes these stem cells to enter quiescence, an effect that persists for 9-12
days after the terminal daughter’s birth (Dray et al. 2021). Negative feedback also occurs in
the fly midgut, where E-cadherin-mediated adhesion between stem cells and differentiating
daughters (enteroblasts) acts to inhibit additional stem cell divisions (Choi et al. 2011). As
in the fish brain, stem cells and terminal daughters in the fly gut are dispersed within a
single cellular layer. Mathematical modeling suggests that such short-range, long-duration
feedback within a single layer of dispersed stem and daughter cells can explain how stem
cell divisions are spatially distributed in a nonrandom pattern throughout such organs over
time (Dray et al. 2021).

Differentiating cells can also be on the receiving end of negative feedback. In mouse
olfactory epithelium, differentiating cells are inhibited by fully mature cells, which
prevent transit-amplifying divisions of the differentiating cells by secreting Gdf11 (growth
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differentiation factor 11) to activate differentiating cells’ TGFBR1 (Gokoffski et al. 2011,
Lander et al. 2009).

Differentiating cells can also participate in feedforward circuits (Tata & Rajagopal 2016).

In mouse airway, differentiating daughter cells require a feedforward signal from stem

cells for their continued existence. Intriguingly, this stem cell signal is Jagged 2, another
Notch ligand which, like Delta, is membrane bound. In airway, Jagged 2 on stem cells
binds to the Notch receptor on differentiating daughter cells, providing the daughters with

a crucial survival signal (Pardo-Saganta et al. 2015). The common use of Notch in both
feedback circuits (e.g., fish brain) and feedforward circuits (e.g., mouse airway) emphasizes
the central importance of short-range signaling between adjacent cells and highlights the
versatility of the actual molecular pathways.

In all these preceding examples (fish brain, fly gut, and mouse olfactory and airway
epithelia), different stages of the cell life cycle intermingle with each other in a single

layer of cells. This single-layered organization contrasts with skin epidermis, which has
multiple stratified cell layers. Each layer corresponds to a stage of a skin cell’s life cycle:
epidermal stem cells and their newborn daughter cells reside in the basal layer, and cells in
progressively later stages of differentiation reside in progressively more superficial layers.
This stage-specific layering gives rise to an interesting variation of short-range feedback
from differentiating cells to stem cells (Mesa et al. 2018). When a daughter cell commits to
terminal differentiation by exiting the basal layer and moving to the layer above, this event
triggers a stem cell to divide immediately adjacent to the (now-departed) differentiating
cell (Mesa et al. 2018). Thus, birth of a new daughter is spatially and temporally coupled
to differentiation of an older daughter through the latter’s departure from the basal layer.
The feedback signals that achieve this coordination are unknown at present, but the spatial
proximity of the daughter cell’s basal exit and subsequent stem cell division implies that
the feedback in skin acts over single-cell distances, akin to feedback in organs with a single
cellular layer.

The Kinetics of Cell Differentiation Are the Primary Driver of Adaptive Resizing of the
Rodent Intestine

A compelling example of how differentiating cells throttle organ-scale cellular flux emerged
from early investigations of diet-driven intestinal resizing in rodents. When rats are
deprived of food, the speed at which cells differentiate slows down (Altmann 1972).
Furthermore, differentiating cells—not stem cells—are the first population to slow their
divisions, the first population to shrink in number, and, over time, the population that

is most sharply winnowed (Altmann 1972). After seven days of starvation, the numbers

of differentiating cells in the rat duodenum decreased by 40%, whereas the numbers of
stem cells decreased by only 14% (Altmann 1972). Altogether, these dramatic changes to
differentiation behaviors account for most of the starved organ’s decreased cell number and
slower turnover (Yilmaz et al. 2012).

Differentiating cells are also the first intestinal cells to respond when starved rats are refed.
They reactivate transit-amplifying divisions within 30 min of refeeding, whereas stem cells
reactivate after 8 h of refeeding (Aldewachi et al. 1975). Also, in this 30-min timeframe,
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differentiation speed dramatically accelerates (Aldewachi et al. 1975). When cell divisions
are blocked with methotrexate during refeeding, differentiation speed still accelerates
(Aldewachi et al. 1975); this finding demonstrates that the accelerated differentiation is a
direct response to refeeding, not an indirect consequence of increased divisions. In fact, stem
cells in these intestines, prevented from generating new daughters, end up differentiating
themselves, with consequent decimation of the organ’s stem cell pool (Aldewachi et al.
1975). These findings indicate that differentiating cells are largely responsible for adaptive
intestinal growth, akin to their role in shrinkage.

A key takeaway from these pioneering studies is that the absolute time required by
differentiating cells to become fully mature is tuned over an impressively large range to steer
organ-scale cell dynamics. By accelerating or slowing the speed at which they differentiate,
cells exert two related effects. First, they directly modulate cellular flux by controlling the
progression of cells through the life cycle. Second, they indirectly modulate the strength of
feedback and feedforward signaling with other life cycle stages. This second effect arises
because (4) the duration of a cell’s differentiation stage establishes the duration of its
signaling, and () the speed of differentiation can, if out of sync with other life cycle stages,
change the organ’s proportion of differentiating cells, with a commensurate change in their
collective signaling strength.

Differentiation-Associated Cell Growth Dynamically Complements Cell Divisions to Control

Organ Size

In many organs, including the mammalian airway, intestine, skeletal muscle, mammary
gland, and prostate and the Drosophila midgut, stem cells are smaller than their mature
progeny. Cell growth thus becomes a basic feature of terminal differentiation. In the fly gut,
the volume of stem cell daughters increases by 50-100-fold as cells terminally differentiate
(L.A. Koyama, P. Moreno-Roman, A. Galenza & L.E. O’Brien, unpublished observations).
Because organ size is determined by both the overall number of cells and the sizes of
individual cells, one might expect that changes in organ size would involve not only changes
in cell number, as | discussed in the preceding section, but also changes in cell size.

Indeed, during diet-driven resizing of the fly gut, the growth of single differentiating cells
is the dominant factor in changing overall organ size (Bonfini et al. 2021). Switching flies
from a nutrient-poor to a nutrient-rich diet not only causes gut stem cells to generate

more daughters through insulin receptor activation (Bonfini et al. 2021, O’Brien et al.
2011), but also causes terminal daughters to grow bigger through Tor pathway activation
(Amcheslavsky et al. 2011, Bonfini et al. 2021, Kapuria et al. 2012). When stem cell
divisions are blocked, for instance by cell-specific depletion of the insulin receptor, terminal
cells grow bigger still, such that the organ ultimately achieves the same size as control
guts in which stem cells can mount nutrient-activated divisions (Bonfini et al. 2021). By
contrast, when terminal cell growth is inhibited, for example by cell-specific depletion

of Tor, stem cells cannot make enough additional cells to fully compensate, and organ
growth is consequently stunted (Bonfini et al. 2021). [In the fly gut, stem cells account for
virtually all new cell production (Boumard & Bardin 2021).] These findings demonstrate
that differentiating cells dynamically modulate their size in response to organ-scale needs,
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and that, at least in these experimental conditions, the capacity of differentiating cells to
grow eclipses the capacity of stem cells to divide.

Some evidence suggests that this complementary balance between cell number and cell size
persists even when the fly gut is at a steady state. A comparison of steady-state guts from
153 wild-caught Drosophilaisolines revealed marked, strain-characteristic variation in both
the mitotic indices of stem cells and the sizes of terminal cell nuclei (a proxy for cell size)
(Tamamouna et al. 2020). Intriguingly, these two variables exhibit strong inverse correlation
across the 153 isolines (Tamamouna et al. 2020), which suggests that some complementary
balancing of cell number and cell size may occur in all tissue states.

Genome-wide association study analysis of these isolines led to the tumor necrosis factor a
(TNFa) ligand Eiger as one possible regulator (Tamamouna et al. 2020). Eiger is secreted

by stem cells (Doupé et al. 2018), while its receptor Grindelwald is expressed by mature
cells and, at lower levels, by stem cells and new daughters (Li et al. 2022). Depleting

Eiger leads to decreased stem cell divisions and larger terminal cell nuclei; overexpressing
Eiger has the opposite effects (Tamamouna et al. 2020). It is tempting to speculate that
Grindelwald on terminal cells modulates the growth-controlling Tor pathway (Amcheslavsky
et al. 2011, Bonfini et al. 2021, Kapuria et al. 2012). Such a feedforward mechanism from
stem cells to differentiating cells might direct an appropriate amount of terminal cell growth
in accordance with local concentrations of stem cell-derived Eiger.

This Eiger signaling pathway still leaves open the mystery of exactly how differentiating
cells sense what their appropriate size should be in order to keep cell number and cell size
homeostatically balanced at the organ scale. Here, one tempting possibility is suggested by
budding yeast and Xengpus embryos, in which growth-dependent progression through cell
cycle checkpoints is gated by size-sensing mechanisms that effectively measure the ratio of
protein biomass to DNA content (Xie et al. 2022). Perhaps the fly gut uses a multicellular
version of size sensing in which the ratio of protein biomass to DNA content is calculated
not at the single-cell level but at the whole-organ level. Since the growth of differentiating
gut cells is tightly coupled to DNA endoreplication (Bailey et al. 2021, @vrebg & Edgar
2018), a multicellular size-sensing mechanism could be used to regulate endocycling and
thus the growth of individual cells. Guts might achieve a constant ratio of protein to DNA
by either generating more cells with lower ploidy or fewer cells with higher ploidy, with
genetic variation influencing a preference for one or the other. Furthermore, the precise
value of this ratio would vary depending on diet and other environmental inputs to set
different sizes for a single gut over time. While hypothetical at present, such a mechanism is
intuitively appealing because it might generally apply to any of the wide array of organs that
contain polyploid cells, such as the worm intestine, fly abdominal epithelium, fish heart, and
mammalian liver (Xie et al. 2022, Bailey et al. 2021).
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APOPTOTIC ELIMINATION: A TIME TO BREAK DOWN, A TIME TO CAST
AWAY
The Cell Life Cycle Ends Through Apoptosis

Ninety percent of cell elimination occurs through apoptosis, including approximately 33
billion cells each day in an adult human (Morioka et al. 2019). Apoptotic cells in epithelial
organs are primarily eliminated through cell extrusion, a coordinated process in which the
dying cell and its immediate neighbors push and pull together to squeeze the dying cell

out of the tissue and into the luminal space for clearance (Ohsawa et al. 2018). [The

major exceptions to this general rule are skin epidermal keratinocytes, which undergo

a unique form of cell death, corneoptosis, that is simultaneously the last step in their
differentiation because it prepares their corpses to function as the skin’s outermost protective
layer (Lippens et al. 2005, Matsui et al. 2021).] Work in cell culture and in developing
tissues has revealed the cytoskeletal dynamics of cell extrusion (Franco et al. 2019, Gu et al.
2011, Levayer et al. 2016, Rosenblatt et al. 2001, Santacreu et al. 2021, Villars & Levayer
2020). Extrusion mechanics are likely similar in adult tissues (Bullen et al. 2006; Wang et al.
2011, 2016; Watson et al. 2009), so | do not review them here.

Yet despite many insights into how apoptotic cells are eliminated, the factors that control
which, when, and, in many tissues, exactly where this final life cycle stage transpires remain
stubbornly elusive. This refractoriness is because apoptotic cells, once they are cleared,
leave no trace in the tissue. Hence, standard approaches to label and monitor cells in vivo,
such as the lineage-tracing techniques that revolutionized our understanding of cell birth and
differentiation, are unable to report on cell elimination.

Thus, much of our current knowledge comes from two organs in which apoptotic cells can
predictably be caught in the act: the intestine, where cells die in extrusion zones at villus
tips, and the mammary gland, in which massive cell death drives organ shrinkage when
milk production ceases upon weaning (Dawson & Visvader 2021). These organs reveal
that apoptotic cell death, like birth and differentiation, is dynamically modulated to drive
organ-scale changes in cell number in response to changing functional demands.

Altered Rates of Cell Extrusion Help Drive the Resizing of Epithelial Organs

In the 1920s—decades before the first adult stem cells were identified and the reality

of continual cell turnover was accepted—researchers noticed that rat intestines exhibited
large numbers of extruding cells at the tips of their villi within hours after the animals

had been deprived of food (Jackson 1925, Sun 1927). Subsequent time courses (in which
experimenters heroically harvested extruded cells ex vivo by single-villus lavage) showed
that this dramatic response was an initial spike (Clarke 1975). With continued starvation,
the frequency of extruding cells gradually dropped until it settled at a new, steady-state
frequency just one-quarter of that in fed intestines (Clarke 1975). It is likely that this initial
surge of extruding cells makes a major contribution to the reduction in cell number that
characterizes shrinkage, that the reduced frequency of extrusions over time reflects the
organ-scale transition from a fed size to a starved size, and that the eventual plateau in
extrusion frequency marks the attainment of the organ’s steady-state size when it is starved.
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Intestinal extrusions also respond dramatically to refeeding. Within 30 min of a starved
animal’s first meal, extrusion frequencies grind to a near halt—dropping to just one-half

of their already low, starved steady-state level (Clarke 1975). By stopping virtually all
extrusions, the starved intestine retains as many mature cells as possible to immediately
process newly arriving food until cell division and differentiation, lagging stages of the cell
life cycle, can catch up. After 4 h of refeeding, extrusion frequencies begin to rise, reaching
fed steady-state frequency within one day (Clarke 1975). Overall, the extrusion response to
dietary manipulation demonstrates how the rate of cell elimination is both highly sensitive
to functional load and tunable across more than an order of magnitude under physiological
conditions.

Factors other than dietary load also can influence extrusion rates. In fly midgut and mouse
airway, for instance, cells enter apoptosis and extrude to correct for overshooting in the wake
of injury repair (Loudhaief et al. 2017, Tadokoro et al. 2016). Overshooting arises when
stem cells make more cells than needed to replace damaged cells; the organ’s total cell
number immediately after repair exceeds that before injury (Loudhaief et al. 2017, Tadokoro
et al. 2016). After a few days, however, cell number is restored to its prior range, because the
excess cells enter apoptosis and are extruded (Loudhaief et al. 2017, Tadokoro et al. 2016).

Must a cell enter apoptosis to be eliminated? Here, a particularly compelling demonstration
comes from mouse intestines, in which researchers blocked apoptosis through genetic
manipulation (Ghazavi et al. 2022). These intestines compensate by extruding nonapoptotic
cells at the same rate that normal intestines extrude apoptotic cells, such that overall
intestinal size and cell number are unaltered (Ghazavi et al. 2022). Exactly which
nonapoptotic cells are selected for extrusion is an intriguing, unanswered question.
Nonetheless, this facile switch to nonapoptotic extrusions, perhaps a consequence of cellular
crowding in the apoptosis-blocked intestines (Eisenhoffer et al. 2012, Marinari et al. 2012),
suggests that tight control of cell elimination is critically important.

A Twist of Fate for Cell Elimination in the Mammary Gland: Some Milk-Producing Cells
Become Phagocytes and Consume Their Dying Siblings

The mammary gland response to reduced functional demand is particularly extreme. Within
24 h of rodent pup weaning, a massive wave of apoptosis sweeps through the gland’s milk-
producing alveoli, culling these now-superfluous structures (Dawson & Visvader 2021).
[Intriguingly, a small population of alveolar cells escapes this apoptotic wave and will serve
as facultative stem cells to help generate new alveoli in subsequent pregnancies (Tao et al.
2015, Wagner et al. 2002).]

This rapid, efficient restoration of the gland to its prepregnancy size (a process known as
involution) creates a new challenge: clearing the organ of its consequent glut of cell corpses.
Alveoli are blind-ended sacs at the ends of long tubular ducts. Unlike alveoli, ducts are
largely maintained during shrinkage (Dawson & Visvader 2021). In contrast to cell corpses
in the intestine, which are extruded into the gut lumen and eventually discharged from the
body through peristalsis, cell corpses in the mammary gland cannot easily be discharged
because they clog the thin mammary ducts (Akhtar et al. 2016), which are the gland’s
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sole means of egress. The clogging results in inflammation, which prevents the gland from
regrowing during subsequent pregnancies (Akhtar et al. 2016).

Phagocytes solve this challenge, voraciously engulfing and digesting cell corpses to clear the
involuting organ. Some of these phagocytes are professionals: immune system macrophages
that have taken up residence in the mammary gland and proliferate during lactation (Dawson
et al. 2020). Strikingly, however, many are amateurs recruited from the mammary gland’s
own ranks (Akhtar et al. 2016, Monks et al. 2008). During shrinkage, large numbers of
previously milk-producing acinar cells postpone apoptosis and instead become phagocytes
that work to clear their apoptotic neighbors before dying themselves (Akhtar et al. 2016,
Monks et al. 2008). This interesting twist of fate (Monks & Henson 2009) can be viewed

as a form of positive feedback between stages of cell elimination and cell differentiation,

in which dying cells spur their sibling neighbors to transiently acquire a new fate that
accelerates overall clearance of the organ.

Cell Elimination as Cell Competition: How Does Organ State Select Winners and Losers?

What criteria target a cell for elimination, and how do these criteria change when organ
state changes? The phenomenon of cell competition provides a conceptual framework

to parse these questions (Baker 2020, Pellettieri & Alvarado 2007). Cell competition
occurs in diverse multicellular contexts throughout metazoans; in brief, cells in a particular
community compare their relative levels of fitness to designate so-called losers and winners.
Losers are driven to enter apoptosis, while winners remain and continue to function. Three
main mechanisms of cell competition have been described: cell surface receptors, in which
outcomes are determined through direct interactions between cells; imbalanced death and
survival signals that select against particular cells; and mechanical forces that, due to tissue
geometry or cell-intrinsic mechanical properties, drive extrusions of certain cells (Baker
2020).

Competition-based designation of loser status likely targets the loser cells, which are
presumably less fit than the winner cells, for apoptotic elimination (Pellettieri & Alvarado
2007). Indeed, experiments that manipulate known fitness factors provide proof of principle
that cell competition can drive apoptotic cell elimination in the Drosophila midgut and
mouse esophagus (Colom et al. 2020, Kolahgar et al. 2015, Suijkerbuijk et al. 2016).
Furthermore, also in the fly gut, corrective extrusions in the wake of postrepair overshooting
require Hippo/YAP pathway activation (Loudhaief et al. 2017), which is known in other
contexts to mediate mechanosensitive cell competition (Baker 2020). At present, however,
the cellular and molecular bases for the fitness comparisons that designate winners and
losers within mature cell populations in normal adult tissues await identification.

CLOSING THE LOOP ON THE CELL LIFE CYCLE: FROM THE DEATH OF
ONE CELL TO THE BIRTH OF ANOTHER

Every limit is a beginning as well as an ending.
—George Eliot, Middlemarch (1871)
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Feedback from Cell Elimination to Cell Birth Links One Life Cycle to the Next

Throughout this review, | have examined how cells at various stages of the life cycle
communicate to control life cycle dynamics within an organ. Feedback signaling from

cell elimination that instructs stem cell division is one such type of communication. This
particular type is unique, however, because it is the only mechanism that links the death of
one cell to the birth of a new one. Indeed, tissue homeostasis can be viewed as closing the
loop on the cell life cycle at the scale of an organ.

How, then, do dying cells generate feedback signals that generate new cell life cycles for the
organ’s particular needs, and how tightly are these signals calibrated? A priori, the feedback
signals must be either secreted, such as a diffusible factor, or else propagated from cell to
cell through direct contact, such as adhesion-transduced mechanical force. | suggest that the
strength of these signals is modulated by the dynamic spatial relationship between dying
cells and stem cells within an organ’s particular architecture. In this section, | consider two
categories of spatial relationships between dying cells and stem cells, dispersed (fly midgut)
and distant (mouse intestine), and | speculate on how each gives rise to a distinct form of
calibrated feedback that closes the cell life cycle loop during steady-state turnover.

The Geometry of Feedback Is an Organ-Scale Property: Short-Range Point Source Versus

Long-Range Propagation
Both dying cells and stem cells are singly dispersed throughout the expanse of numerous
organs including the fly gut and mammalian airway. In the fly gut, blocking apoptosis results
in a compensatory decrease in stem cell divisions (Liang et al. 2017). This feedback involves
signaling from dying cells to stem cells: An apoptotic cell emits epidermal growth factor
(EGF) ligands through caspase-triggered induction of their obligate protease, Rhomboid
(Liang et al. 2017). These EGF ligands bind EGF receptors on stem cells and promote stem
cell division (Liang et al. 2017).

Crucially, the feedback signal is both weak [the signaling range of a single cell’s EGF signal
has a radius of ~25 um (Liang et al. 2017)] and transient [the lapsed time between apoptotic
initiation and extrusion is from ~3 to 6 h (Martin et al. 2018, Amcheslavsky et al. 2020)].

I suggest that this diffusible signal acts as a rapidly fading point source that reaches only

a small number of stem cells—the mean steady-state spacing between stem cells is ~15

pum (X. Du, J.L. Martin & L.E. O’Brien, unpublished observations)—activating, on average,
the division of just one stem cell under steady-state conditions (Liang et al. 2017). In this
scenario, stochastic deviations from the production of exactly one replacement cell would
self-correct over time, because the production of too many or not enough cells would alter
the spacing of stem cells and, as a consequence, alter the probability that a stem cell will be
in range of future EGF signals (Liang et al. 2017).

In contrast, feedback geometry in mammalian small intestine dictates a radically different
strategy from the diffusible, point-source feedback used by the fly gut, because it occurs
over a distance of millimeters rather than microns. In humans, for instance, ~1 mm separates
stem cells in the crypt base from apoptotic cells at the villus tip. And yet feedback signals
demonstrably operate across this expanse, as illustrated by the finding that altered rates
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of extrusion at the villus are compensated by altered rates of cell division in the crypts
(Hermiston et al. 1996). Recent work provides evidence that this long-range feedback
involves the propagation of mechanical tension within the intestinal epithelial sheet. The
extrusion of mature cells from villus tips causes neighbor cells to migrate toward the
extrusion zone to take their place (Krndija et al. 2019). Because intestinal epithelial cells are
physically coupled by strong cell—cell adhesions, the directed movement of these tip cells
propagates throughout the epithelial sheet, ultimately pulling new stem cell daughters out
of the crypt to enter the villus (Pérez-Gonzalez et al. 2021). Given that mechano-adhesive
forces have been shown to activate epithelial cell divisions in numerous contexts (Benham-
Pyle et al. 2015, Gudipaty et al. 2017, He et al. 2018, Ladoux & Mége 2017), it is
tempting to speculate that stem cells in the crypt sense these pulling forces and divide

as a consequence. In this scenario, changes in extrusion rates would change the rates of
tip-directed sheet migration, thus changing the magnitude of pulling forces experienced by
stem cells and tuning their rate of division.

TAKEAWAYS AND OPEN QUESTIONS
Cell Life Cycles and Organ States

Cell Birth

. In mature, stem cell-based organs, individual cells continually transit through
life cycle stages of birth, differentiation, and death.

. Akin to how cells are the fundamental unit of organs, cell life cycles are the
fundamental unit of organ-scale cell dynamics.

. Broadly, organ-scale cell dynamics are either homeostatic or non-homeostatic.
Homeostatic dynamics include steady-state turnover, when cell birth and cell
elimination are in equilibrium at the organ scale and organ size remains
constant over time, while non-homeostatic dynamics include adaptive growth
and shrinkage. These are physiological responses to altered functional demand
or environmental conditions in which organs transiently depart from homeostasis
and adaptively grow or shrink to alter their functional capacity.

. The basis of concerted organ-scale cell dynamics is the collective coordination
of each cell life cycle stage with the other life cycle stages. This coordination
can involve tuning a stage’s spatial distribution, temporal frequency, or temporal
duration relative to other stages.

. The frequency of cell birth increases when organs undergo adaptive growth. The
spatial pattern of cell birth determines the geometry of organ expansion: Broadly
dispersed stem cell divisions drive isometric organ expansion. In contrast, when
stem cell divisions occur at a niche-like tissue edge, the organ expands along a
single axis parallel to this edge.

. Like growth, injury repair is characterized by increased frequency of stem cell
division. Yet growth- and injury-activated divisions differ in terms of their fate
outcomes and spatial distributions. These align with the distinct organ-scale
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objectives of growth (expanding functional capacity) and repair (restoring tissue
integrity).

How stem cell subpopulations become specialized for particular organ
states (homeostasis, growth, and repair) and the interconvertibility of these
subpopulations over time remain largely unknown.

Differentiating cells are the intermediate link between stem cells and fully
mature progeny in the cell life cycle; furthermore, they are typically in

physical contact with these other two populations. This linchpin position makes
differentiation an ideal nexus for sending and receiving signals that coordinate
life cycle stages.

During steady-state turnover, differentiating cells” feedback and feedforward
signals typically act over short distances (single cell lengths) yet long timescales
(hours to days). These spatial-temporal dynamics help ensure that life cycle
transitions (e.g., division and differentiation) are evenly distributed throughout
the organ’s expanse.

During adaptive growth and shrinkage, in contrast, differentiating cells respond
rapidly and acutely to signals that signify altered functional demand. In many
cases, the differentiating cells’ response is the dominant contributor to changes in
organ size.

Polyploidization of differentiating cells can be a major determinant of

overall organ size. An individual cell’s ploidy, which can vary according to
environmental and genetic factors, correlates tightly with its cytoplasmic volume,
and some evidence suggests that overall organ size involves coordinated control
of cell size (via ploidy) in addition to cell number. Such coordination might be
achieved by a size-sensing mechanism that maintains a constant ratio of DNA

to protein biomass at the organ scale, but the nature of such a hypothetical
mechanism is unknown at present.

Apoptotic elimination, the final stage of the cell life cycle, is also the least
understood. This intractability is in part because eliminated cells leave no trace in
the tissue and hence cannot be recorded via conventional lineage tracing or other
retrospective approaches.

A sharp increase in apoptotic elimination drives organ shrinkage, with eliminated
cells extruded into the lumen in most tubular epithelial organs. Yet remarkable
variations exist. In mammary ducts, which are too thin to eliminate large
quantities of extruded cells during involution, some cells transdifferentiate into
phagocytes that clear their apoptotic siblings before themselves dying.

A major unresolved mystery is how specific cells are selected for apoptotic
elimination during steady-state organ turnover. Proof-of-principle experiments
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have implicated cell competition, but the physiological basis of winner and loser
cell designations is unknown.

Closing the Loop

. Tissue homeostasis can be viewed as closing the loop on the cell life cycle at the
scale of an organ.

. Apoptotic cells destined for elimination send signals that instruct stem cells to
divide. This relay links the death of one cell to the birth of another, which
effectively closes the loop on the cell life cycle.

. The dynamics of this feedback depend on how the stages of cell birth and
elimination are spatially distributed. Short-range, limited duration signals are
used when both stages are broadly dispersed and intermingle. Long-range,
prolonged duration signals are used when cell birth and elimination occur in
distant tissue regions.

. How the Kinetics of these feedback signals are calibrated for organ-scale
homeostasis is unknown.
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Figure 1.
The cell life cycle, which encompasses () birth (via division of a stem cell), terminal

differentiation, mature physiological function, and apoptotic death, can be regarded as (6)
the basic unit of organ-scale cell dynamics.
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Figure 2.
Hypothetical organ state landscapes in two and three dimensions, based on the parameter

of cell number. (Bottom) The two-dimensional landscape shows total cell number

(blue aashed axis) relative to rate of change in total cell number (orange dashed

axfs). Within this parameter space, approximate regions are indicated for organ states

of homeostasis, physiological growth, pathological growth, physiological shrinkage,

and pathological shrinkage. ( 7op) In the corresponding three-dimensional landscape,
homeostasis, pathological growth, and pathological shrinkage are drawn as basins, with

the depth of the basin indicating a state’s relative stability (black dashed axis). Physiological
growth and physiological shrinkage are represented by the slopes above the floor of the
homeostasis basin. Finally, the boundaries between physiological and pathological growth
or shrinkage are represented by the ridge tops separating the basins (red arrows). Two
hypothetical examples of organ dynamics are illustrated by the purple lines (shown within
the landscapes and also isolated to the right). The solid purple line shows a physiological
growth trajectory. The organ is initially homeostatic but contains relatively few cells
(perhaps, for instance, because it is experiencing low functional demand). In response to
environmental change (for instance, an increase in functional demand), the organ undergoes
physiological growth and acquires additional cells until it reaches an appropriate, larger
size. At this point, the organ ceases growth and returns to homeostasis, but at its new,

larger size. By contrast, the dotted purple line shows an organ in which growth becomes
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pathological. The organ acquires a huge excess of additional cells, crosses the boundary
between physiological and pathological growth, and ultimately becomes deeply stuck in a
maladaptive state of overgrowth.
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