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Formation of benign tumours by stem cell misregulation
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Abstract

Our tissues usually have just the right number of cells to optimally fulfil their function. Not enough
cells within a tissue can lead to dysfunction, while too many cells result in a tumour. Yet, how this
homeostatic balance is maintained remains poorly defined. Most differentiated cells within tissues
have a finite lifespan and need to be replaced at a corresponding pace to maintain tissue
homeostasis. These new differentiated cells are generated by proliferation of the stem/progenitor
cells that serve the tissue. Work in simple invertebrates clearly suggests stem cells respond to at
least two types of signals: niche signaling and growth factors. Niche signals promote the
undifferentiated state by preventing differentiation, and thus allow for stem cell self-renewal.
Growth factor sources comprise a systemic input reflecting the animal’s nutritional status, and a
localized, homeostatic feedback from the tissue that the stem cells serve. That homeostatic signal
couples stem cell proliferation rates to the tissue’s need for new differentiated cells. Evidence from
simple organisms suggests two types of benign tumours can arise from deregulation of either niche
or homeostatic signaling. Namely, constitutive niche signaling promotes the formation of
undifferentiated “stem cell” tumours, while defective homeostatic signaling leads to the formation
of differentiated tumours. We propose that these principles may be conserved and underlie benign
tumour formation in humans, while benign tumours can evolve into cancer.
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A benign tumour is an abnormal mass of extra cells within a tissue that lack the ability to invade
neighboring tissues or metastasize. Hence, benign tumours are not cancerous and, depending on
where they arise, are usually not an immediate life-threatening problem. However, benign tumours
have the potential to become malignant! and, as such, their formation may be considered a key
early step in carcinogenesis. Most cells within early-stage benign tumours are typically well-
differentiated, albeit in rarer cases, they can be undifferentiated*. On the basis of recent advances
in our understanding of stem cell regulation in simple invertebrates, we propose that benign
tumours, undifferentiated and differentiated, each develop from a different type of stem cell
misregulation. Namely, constitutive niche signaling causes the formation of undifferentiated “stem
cell” tumours, while defective homeostatic signaling leads to the formation of differentiated
tumours.
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Stem cell regulation

Stem cells (SCs) have a unique dual potential, showing both the capacities to perpetually self-
renew, and to differentiate into other cell types. Since the original demonstration of these capacities
in hematopoietic SCs*, several other SC types have been discovered and characterized, such as the
mammalian pluripotent embryonic stem cells (ESCs)>, and various adult SCs (also known as
tissue-specific, tissue-resident, or multipotent SCs). Our understanding of in vivo SC regulation
was however hindered by their limited accessibility in most systems, requiring complex surgical
dissections and/or transplantation®. As such, the landmark introduction of in vitro SC culture
revolutionized the accessibility of SC research by facilitating expansion, manipulation and
microscopic observation of SCs°. Yet, SCs respond to various signals within a living organism and
identifying signals responsible for SC maintenance and function quickly became an important
question. Indeed, the existence of a specialized microenvironment regulating hematopoietic SC
function was hypothesized’ but could not be readily demonstrated in this complex system. A range
of SCs were thus discovered and characterized in simple invertebrate models that allow the
effective combination of genetic, cell biological and molecular approaches, such as Drosophila®®
and C. elegans'®. This allowed for the discovery of the SC niche, niche signaling, and more
recently, of additional mechanisms regulating SC proliferation rates. In the next two sections, we
primarily use the C. elegans germline stem cells (GSCs) to illustrate how SCs are regulated in
vivo, while these basic principles appear highly conserved in other organisms and SC types'!'4.

Regulation of stem cell fate by niche signaling

The GSCs of C. elegans exist as two equivalent and homogeneous populations located at the distal
extremities of each of the adult animal’s two gonad arms (Fig. 1A-B). At each tip lies a somatic
cell called the distal tip cell (DTC), which acts as the GSC niche'®. GSCs divide symmetrically,
giving rise to two daughters with equivalent fate potential'""'>. However, the ongoing proliferation
within the finite space of the distal gonad stochastically displaces GSC daughters away from the
niche. GSC daughters therefore display a population asymmetry and progress towards
differentiation as they move proximally, away from the DTC, within the gonadal tube'!. The GSCs
along with their proliferating progeny that have launched the differentiation program, but not yet
begun overt differentiation, span a region termed the Progenitor Zone (PZ) (Fig. 1C).

The membrane-bound Delta-like ligand LAG-2, expressed by the DTC, was identified as
a niche signal that prevents GSC differentiation by activating the Notch receptor GLP-1 at the
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GSC surface'®!”. When either lag-2 or glp-1 is mutated, or when the DTC is ablated, all GSCs are
lost to differentiation, their default fate!®!%!7. From thereon, niche signaling has been regarded as
the signal(s) that instructs SC fate, preventing SC differentiation. When GLP-1 is activated, its
intracellular domain is cleaved, translocates to the nucleus, and serves as a co-activator for the
transcription factor LAG-1 (homologous to human C promoter Binding Factor, CBF1), which
binds to and activates the transcription of two main target genes, Ist-1 and sygl-1'*%!. LST-1 and
SYGL-1, two Caenorhabditis-specific proteins, then combine with RN A-binding proteins FBF-1
and FBF-2 to repress three largely parallel, but partly redundant pathways that together promote
differentiation (Fig. 1D)?2. Niche signaling therefore globally acts to prevent GSC differentiation.
The C. elegans GSCs, like any other SCs, can therefore be considered as being “primed” for
differentiation, essentially waiting for niche signals to weaken to launch their differentiation
program.

Variations exist in the way SCs divide and in the molecular nature of niche signaling across
species and SC systems. For example, some SCs divide primarily asymmetrically to give rise after
each division to another SC and a daughter cell that is bound to differentiate'!. As such, Drosophila
male GSCs divide primarily via asymmetric divisions while hub cells act as their niche by
preventing differentiation through activating the JAK/STAT pathway. Drosophila female GSCs
also divide asymmetrically, although the niche consists of terminal filament and cap cells that
activate TGF-B signaling within GSCs?. These simple SC model systems showcase a broadly
applicable principle regarding the role of niche signaling: to prevent SC differentiation, which is
the default path of all known SCs.

Regulation of stem cell proliferation rates

When a SC lies within its niche and is thus instructed to remain undifferentiated, it can either grow
and divide, or stay still. Growth factors promote SC proliferation, while their absence promotes
SC quiescence, a reversible type of cell cycle arrest. At least two separate kinds of growth factors
can stimulate SC growth and proliferation. A systemic signal was shown to stimulate SC
proliferation to match its rate to the nutritional status of the animal, such that SCs will tend to
proliferate at a higher rate in a well-nourished animal, and at a lower rate in starved animals. A
more localized signal further couples the proliferation rates of specific SC populations within an
organism to the needs for new differentiated cells in the tissue they serve (Fig. 2A-B). These two
mechanisms are individually discussed in the next subsections.

Systemic regulation of stem cell proliferation downstream of nutrition

Niche signals were rapidly recognized to instruct SC fate, but what controlled the rate of SC
proliferation remained unclear until it was noticed that the proliferation of Drosophila GSCs
responded to the animal’s nutritional status?*. Indeed, following nutrition, insulin-like peptides are
secreted from the animals nervous system and promote GSC proliferation®®. Nutrition and
systemically released insulin-like peptides also support the proliferation of Drosophila intestinal
SCs, neuroblasts and hematopoietic progenitors'*. Equally in C. elegans, insulin-like/IGF-1
signaling (IIS) is activated in response to nutrition and systemically promotes proliferation of their
only SC type, GSCs'3?2 In this system, the sole insulin-like receptor DAF-2 inhibits the
forkhead transcription factor DAF-16/FOXO autonomously within GSCs to promote their
proliferation?”°. 1IS may similarly systemically support the growth/proliferation of mammalian
SCs!?, although this remains to be formally demonstrated.
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In C. elegans, when environmental conditions are harsh and/or nutrition is deficient, IIS is
reduced and larvae stop development, momentarily sending their GSCs into quiescence, until
environmental conditions improve. Several factors are required to properly establish GSC
quiescence, downstream or in parallel to IIS, including the dual specificity phosphatase PTEN,
and the LKB1/AMPK kinase cascade®®-3*. These proteins are highly conserved and their orthologs
have since been reported to similarly influence SC proliferation in mammals. Indeed, PTEN and
LKBI1 are necessary to maintain murine hematopoietic SC quiescence®’. Exactly how PTEN,
LKB1 and AMPK promote GSC quiescence and how their activities may be counteracted by
nutrition and IIS remain unclear. Regardless, IIS may act similarly in other organisms and clearly
appears as a top candidate for the primary systemic regulator of stem cell proliferation across
species'®!*. However, other systemic factors may also influence the proliferation of certain SC
populations, including those linked to immune reponses and circadian rhythms.

Localized regulation of stem cell proliferation by tissue homeostasis

An animal’s nutritional status does not fully explain the proliferative behaviour of all of its SC
populations. Indeed, not only do the SCs of each tissue divide at different rates*’, but a disparity
can also be observed across separate populations of the same SC type. In the C. elegans adult
hermaphrodite for example, GSC proliferation rates are coupled to nutrition and IIS, but also to
the demand for oocytes, their terminally differentiated progenies. When the animal’s spermatheca
is empty, mature oocytes are no longer fertilized and begin to accumulate in the proximal gonad.
This triggers a feedback signal that suppresses GSC proliferation at the distal end, in order to halt
the production of new oocytes?®**!*2, Interestingly, that homeostatic signal is independent within
each gonad arm, such that sperm-depletion in one arm does not impair GSC proliferation in the
other arm?®. Yet, how homeostatic signaling achieves spatial restriction remains unclear.

Regardless, GSC proliferation plummets in sperm-depleted C. elegans hermaphrodites
despite sustained feeding and systemically activated IIS, which in fact continues, albeit now
inefficiently, to signal GSC proliferation’*. Oocyte accumulation suppresses ERK/MAPK
signaling to inhibit GSC proliferation, while that pathway promotes GSC proliferation in parallel
to 1IS*. As such, when young hermaphrodites are grown under replete growth conditions, and
their spermathecae contain sperm, IIS acts in concert with ERK/MAPK signaling to promote the
high GSC proliferation rates typical of young well-fed adult hermaphrodites (Fig. 2C). If either
IIS or ERK/MAPK signaling decreases, GSC proliferation concomitantly decreases, and it
completely stalls when both pathways are inactivated simultaneously®.

Localized homeostatic SC regulation is probably not restricted to C. elegans. For example,
mammalian muscle SCs are normally quiescent throughout adult life, yet they resume proliferation
following a muscle injury to participate in repair*’. Although, to our knowledge, this has not been
specifically demonstrated, it is expected that only the muscle SCs located close to the injury resume
proliferation. It seems somewhat inconceivable that all muscle SCs across all muscles would re-
enter proliferation following a localized muscle injury. Therefore, localized homeostatic control
of SC proliferation must be a widely-spread phenomenon, applicable to several types of SCs that
serve solid tissues such as the brain, lungs and the gastro-intestinal tract. Homeostatic SC
regulation also occurs in liquid tissues, such as the blood and lymph of mammals (e.g. homeostatic
regulation of erythropoiesis by erythropoietin®*), though it more likely acts systemically within
these tissues.


https://doi.org/10.20944/preprints202201.0097.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 January 2022 d0i:10.20944/preprints202201.0097.v1

Future research will be needed to determine whether regulation of SC proliferation by two
or more growth factors in parallel is a widely spread phenomenon. In support of that idea however,
Drosophila gut intestinal SC proliferation is stimulated both by IIS and homeostatic cytokines
released by damaged enterocytes that activate JAK/STAT signaling within intestinal SCs to
promote enterocyte replacement'#**, Essentially, from the moment SC proliferation has some level
of homeostatic control, a second growth factor pathway must combine with, or adjust, IIS
regulation. Additional levels of regulation, including from cues related to developmental stage,
aging, inflammation, immunity or stress, are likely. Yet, multiple regulatory layers may not apply
to all SC populations since GSCs in C. elegans males, which only differentiate into sperm, do not
show apparent homeostatic regulation®®, suggesting that their proliferation may be stimulated
solely by IIS.

The mechanisms that enable the homeostatic regulation of SC proliferation to act locally,
within a specific tissue, or part of a tissue, remain largely unknown. Yet, the C. elegans
ERK/MAPK ortholog MPK-1 promotes GSC proliferation cell non-autonomously from the
animal’s gut or somatic gonad*¢. Therefore, homeostatic signals should, in principle, inhibit or
counteract ERK/MAPK signaling within one or both of these tissues in order to suppress GSC
proliferation. The gut runs the length of the animals, while each gonad arm is individually
enwrapped by somatic sheath cells. Since pathway activity could be controlled independently from
each gonad arms, we favor the somatic gonad as the likely site where ERK/MAPK suppression
may occur following oocyte accumulation. We predict that such complex regulation, involving
multiple cell types, may be common for homeostatic SC proliferation control in other systems.

Niche signaling boundaries confine undifferentiated SCs in vivo

The SC basic properties and regulatory mechanisms, as defined above, are such that when SCs are
isolated from an animal and put in a dish in culture, they essentially require three elements to grow,
undergo self-renewing proliferation, and expand in numbers to eventually fill that dish. Let us use
the mammalian ESCs to illustrate this point®: ESCs extracted from an embryo need to continue
receiving niche signaling in order to remain undifferentiated, otherwise they would launch their
default differentiation program. In culture, niche signaling was originally re-created by coating the
dish with a layer of inactivated mouse embryonic fibroblasts (MEFs), commonly referred to as
“feeder” cells®. Nowadays, niche signaling is more conveniently and efficiently replaced by the
2iL cocktail (containing mitogen activated protein kinase kinase (MEK) and glycogen synthase
kinase (GSK3) inhibitors (2i), in addition to the cytokine leukemia inhibitory factor (LIF, L)) to
the medium, which acts to prevent differentiation and promote the naive state*’°. In order for
ESCs to grow and proliferate, they also need basic nutrients to synthesize new nucleic acids and
proteins, as well as growth factors to promote nutrient utilization and prevent entry into
quiescence. These last two elements are respectively provided by the basic culture medium (e.g.
Glascow minimum essential medium, GMEM) and fetal bovine serum (FBS). When provided with
these three elements in a dish, ESCs undergo self-renewing proliferation and form a tumour
consisting of a mass of SCs; a benign tumour of the undifferentiated type (Fig. 3 Left). These basic
principles apply to most other types of SCs that have been successfully cultured, with niche,
nutrients and growth factors requiring optimization for each SC type.
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Undifferentiated SC tumours do not normally form in vivo simply because niche signaling
is spatially restricted within tissues. Indeed, in a living organism, niche signaling not only ensures
SC maintenance, but the size and extent of niche signaling together define a limited space in which
SCs can exist. When ESCs expanded in vitro are injected back into a blastocyst, even after several
passages, control over their proliferation is re-established in vivo, such that ESC tumours do not
usually form following their transplantation®. In C. elegans, DTCs have long processes called
cytonemes and their extent, along with the level of Notch ligand expression and Notch signaling
activation in GSCs, essentially establish the size of the GSC population and PZ!**25!, As proximal
SCs are pushed outside of the niche due to the ongoing proliferation, they enter their default
differentiation path, which thereby reduces their proliferation potential. Their ability to initiate an
undifferentiated benign tumour thereby becomes highly restricted. Thus, from one standpoint, the
niche acts to confine a small undifferentiated SC tumour within a specific region in vivo, essentially
preventing it to grow beyond a hard limit. If niche signaling becomes constitutive however, the
tumour is deconfined and grows indefinitely (Fig. 3 Left vs right).

As a matter of fact, if niche signaling is upregulated®?, or if the niche physically expands™,
the region where proliferative SCs are found expands accordingly, and SC numbers increase. If
niche signaling becomes fully constitutive, SCs keep proliferating even when they move outside
of the niche and form an ever-expanding benign tumour in vivo, very much like they do in a culture
dish (Fig. 3). Spontaneous mutations that activate niche signaling therefore have the potential to
induce undifferentiated SC tumours in vivo. In C. elegans for instance, gain-of-function mutations
in the Notch receptor GLP-1 induce the formation of undifferentiated GSC tumours (Fig. 4A)>>4,
Equally, mutations that inactivate genes whose function is necessary for GSC differentiation, can
cause the formation of undifferentiated tumours?®>°>°, In Drosophila male and female germlines,
activation of niche signaling, or the inactivation of genes required for GSC differentiation,
similarly result in an accumulation of undifferentiated GSCs*>"%°. Therefore, a failure to restrict
niche signaling in vivo results in the formation of a benign undifferentiated SC tumour.

Undifferentiated benign tumours are rather seldom found in humans. It is unclear exactly
why that is the case, but based on how niche signaling works in simple invertebrates, several
reasons may together account for this scarcity. First, germline mutations causing constitutive niche
signaling are expected to cause dramatic developmental defects and embryonic lethality. They
must therefore be strongly selected against. Second, mutations inducing constitutive niche
signaling are typically gain-of-function, which are much less frequent than loss-of-function
mutations®!. In addition, mammalian SC niches and niche signals may be more complex than in
invertebrates, and may involve multiple cell types and combinatorial niche signals (e.g.
hematopoietic SCs®?), such that single mutations are unlikely to render niche signaling fully
constitutive. Third, loss-of-function mutations in genes that promote differentiation can also cause
undifferentiated SC tumours, but these genes typically act redundantly, at least in C. elegans (e.g.
Ist-1vs sygl-1; fbf-1 vs fbf-2; gld-1 vs gld-2; gld-3 vs nos-3)***263 such that mutations in one single
gene have little effects on their own. The chances that two spontaneous hits occur successively in
the two (or more) redundant genes in the same SC are very low. This may be particularly true for
SCs that follow a model of population asymmetry, since many SCs only divide a number of times
before they, along with all of their progeny, are displaced outside of the niche. As such, many SCs
may be unable to indefinitely pass on their first hit to an undifferentiated daughter.
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Basic principles of homeostatic stem cell regulation

If one considers only niche signaling, growth factors and basic nutrients in an animal that is well
nourished, SCs would be expected to proliferate at a high rate until the niche is filled, but continue
to proliferate at the same rate afterwards, generating a continuous overflow of cells spilling outside
of the niche (Fig. 5 Top, Middle). Those cells undergo differentiation and eventually reach a
terminal phenotype. For a steady state to exist in the tissue under such optimal growth conditions,
the life expectancy (Lt) for the terminal cell type (T) has to be inversely proportionate to the
maximal rate (RT™**) at which new terminal cells can be produced (Lt = 1/(Rr™*N), where N
represents a nutritional adjustment factor that would be equal to 1 under optimal growth
conditions). In other words, for an equilibrium to be maintained, the longer the terminal cells live,
the lower the terminal cell production rate needs to be in order to prevent a buildup of terminal
cells. Such a simple mode of SC proliferation control, based uniquely on nutrition, would however
not easily cope with changing environmental conditions that would perturb either the rate of
terminal cell production (e.g. starvation) or terminal cell life expectancy (e.g. tissue injuries). To
repair an injury, for example, terminal cells have to be produced faster than they would normally
be eliminated in the absence of injury. Most tissues can replace lost cells. However, if terminal
cells can be produced faster than they are eliminated (i.e. Lt > 1/(Rt™*N)), a buildup of terminal
cells would be expected to happen over time in most tissues in well-fed organisms in the absence
of injuries (Fig. 5 Left). In other words, if SC proliferation were to depend only on nutrition, all
tissues that can regenerate following an injury would grow differentiated benign tumours in well-
fed adults in the absence of injuries. To remain balanced at all times, the relation therefore requires
another adjustment factor, termed homeostatic (H) regulation. The role of homeostatic regulation
is to prevent the buildup of terminal cells in a tissue, which would inevitably happen under optimal
growth conditions if terminal cell production was only dependent on nutrition. Accordingly, for
all regenerating tissues which do not normally build tumours, Lt is expected to be smaller than
I/(RT™N). The tissue turnover equation is thus corrected by an H-factor as follows: Lt =
1/(RT™*NH), such that an equilibrium can be maintained (Fig. 5 Right).

Since the rate of terminal cell production is ultimately dependent on the maximal rate of
differentiated progeny production by the underlying stem/progenitor cell population (Rsc™),
knowing the relationship between the rate of SC progeny production and terminal cell production
allows to predict SC proliferation rates from their terminal cell’s life expectancy at equilibrium,
and vice-versa. Namely, Rt = XRsc™, where X is a conversion factor specific to each SC type:
terminal cell type pair, and Lt = 1/(Rt™*NH) = 1/(XRsc™*NH). During development or following
an injury, the H value may approach 1, allowing SCs to increase proliferation (Fig. 6A-C). This
pushes the actual rate of terminal cell production towards Rt™** and promotes tissue repair. After
completion of the repair, the H-factor must decrease back to its equilibrium value to prevent the
overproduction of SC progeny. Conversely, if conditions permit an increase in terminal cell life
expectancies, the H-factor must increase to slow down SC proliferation and prevent terminal cell
buildup (Fig. 6D). Finally, a mutation preventing homeostatic regulation would disconnect SC
proliferation from tissue needs, resetting to their maximal proliferation rate (as now only governed
by nutrition), as during development or a repair situation. However now, in absence of the extra
space left either for tissue expansion during development, or to replenish lost cells during tissue
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repair, the extra terminal cells produced now start to pile up, forming a differentiated benign
tumour (Fig. 6E).

The documented case of C. elegans

Let us use the C. elegans germline to illustrate the reach of these principles. In adult
hermaphrodites, GSCs proliferate to differentiate exclusively into oocytes. This occurs essentially
in a linear assembly line-like fashion (Fig. 1), which allows to easily measure equation parameters.
When sperm and food are not limiting, each gonad arm ovulates a new oocyte every ~24 minutes
on average (RT™* = 2.5 oocytes/hour), translating into ~5 eggs laid/hour®*®. Although there are
usually ~5-6 terminal (diakinesis) stage oocyte lined-up in the proximal part of the gonad
arm?®2%% we consider only the proximal-most (-1) oocyte as the terminal cell type since it is the
only one that can be ovulated, and thus “exit” the tissue, at any time. To ensure the production of
1 oocyte every ~24 minutes, a pool of ~130-160 GSCs divide every 6-8 hours at the distal end of
the gonad, for an output of ~20 GSC progenies/hour (Rsc™* =20 GSC progenies/hour) exiting the
niche®’. A large difference exists between GSC progeny (Rsc™ = 20 GSC progenies/hour) and
oocyte production (RT™** = 2.5 oocytes/hour), largely because more than half of germ cells die by
apoptosis during meiosis to serve as nurse cells, contributing their cytoplasm to the growing
oocytes via cytoplasmic streaming in a central rachis to which all germ cells are connected®®®’.
Based on these numbers, we can estimate that roughly 8 GSC progenies are necessary to give rise
to one oocyte. The RT™* to Rsc™* conversion factor (X) can thus be estimated as 1/8 or ~0.125
oocyte/GSC progeny. The introduction of conversion factors may not be necessary in all SC
systems, for example if apoptosis is not significant, but may be required if SCs can differentiate
into multiple different terminal cell types.

The above stands when animals are fed ad libidum, and the nutrition factor is equal to 1.
However, when animals lack food, IIS is reduced and GSC proliferation drops towards zero as
animals eventually enter adult reproductive diapause in the complete absence of food. In that
direction, a strong inactivation of the insulin/IGF-1 receptor DAF-2 lowers larval and adult GSC
proliferation®”?®, It will be necessary to evaluate ovulation rates and/or niche outputs under various
conditions to evaluate nutrition factor (N) dynamics.

When well-fed hermaphrodites (N = 1) run out of sperm, or in feminized mutants that do
not make sperm (e.g. fog-1, fog-2)*'""!, terminal stage oocyte life expectancy dramatically
increases because their final maturation and ovulation is only provoked by a cascade downstream
of sperm-released major sperm proteins (MSPs)’?. Thus, in principle, they should arrest in meiotic
prophase indefinitely until sperm is re-supplied. In the absence of sperm, oocyte ovulation rate
was measured at < 0.1 ovulation/hour/gonad arm®73. As a result, terminal stage oocytes initially
pile up in the proximal gonad (Fig. 2) until homeostatic signaling downregulates GSC proliferation
and meiotic progression, stalling the whole assembly line. While the homeostatic response is
generated, the number of terminal-stage oocytes in the proximal gonad increases from ~5-6 to
more than 15, while oocytes get obviously compressed against each other as they pile up?®7>73. In
response, GSC proliferation drops at the distal extremity of the gonad®®%, such as to balance the
increased terminal oocyte life expectancy, and reaches a new low-turnover homeostatic
equilibrium. Since the actual ovulation rate is lower than 0.1 ovulation/hour/gonad at this new
equilibrium, the life expectancy of the -1 oocyte must be greater than 10 hours. The lifespan of a
diakinesis oocyte in a spermless hermaphrodites after having stacked 15 oocytes must then exceed
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150 hours (>10 hours X 15 oocytes). Solving Lt = 1/(RT™NH) for a well-fed spermless
hermaphrodite using Lt > 10 hours yields H < 0.04. Using an output of less than 0.1 oocyte/hour
and a C. elegans-specific X conversion factor of 0.125 oocyte/GSC progeny, we can estimate that
the niche produces less than 0.8 GSC progenies/hour in spermless hermaphrodites.

Homeostatic SC regulation prevents differentiated benign tumours

Mutations in genes encoding several highly conserved proteins prevent homeostatic GSC
regulation in C. elegans. These include loss-of-function in DAF-18/PTEN, PAR-4/LKB1 and
AAK-1/AMPK, and a gain-of-function in LET-60/Ras?®*. How these genes work together to
maintain germline homeostasis is not yet fully understood. However, they must join in a multi-
step process that implicates not only the SCs and their terminally-differentiated progeny, but also
cells of unrelated origins, within the somatic gonad. In this system, what appears to generate a
homeostatic signal is an accumulation of oocytes, and for this to happen, oocytes need to arrest in
the absence of induction by sperm. This step fails in DAF-18/PTEN, PAR-4/LKB1 and AAK-
1/AMPK loss-of-function mutants, as their oocytes spontaneously activate in the absence of sperm
signals, are ovulated, and laid as endomitotic oocytes?®%. In this case, there is no terminal cell
buildup because unfertilized oocytes are ovulated and laid essentially as quickly as if they were
fertilized and laid as eggs; their life expectancy remaining short. However, when the spontaneous
activation of oocytes is blocked in aak-1/AMPK mutants by the removal of OMA-1 and OMA-2,
two zinc-finger proteins redundantly required for oocyte activation’®, the deleterious effects of
homeostatic signaling failure are far more dramatic. In such animals, GSCs keep proliferating
despite the ongoing proximal accumulation of oocytes and a large benign tumour that largely
consists of differentiated oocytes, rapidly forms (Fig. 4B)?°. Arrested oocytes occur in multiple
rows in the proximal gonad, inside the uterus, and sometimes break open the germline basal
membrane to venture into interstitial fluid, likely due to the resulting increase in intra-organ
pressure.

Differentiated benign tumours therefore arise when homeostatic signaling is disrupted
(Figs. 5,6E). Within tissues in which the terminal cell type is continually expulsed or desquamated
at a fast rate, even if SC proliferation were to remain maximal at all times, a benign tumour may
not form because terminal cells have a short life expectancy, roughly equal to the inverse of the
their maximal production rate (e.g. C. elegans oocytes when sperm is present, or when sperm is
absent but DAF-18/PTEN, PAR-4/LKB1 or AAK-1/AMPK are lost). If that life expectancy
increases but is not shortly counterbalanced by a decrease in oocyte production (itself enabled by
a decrease in GSC proliferation), a benign tumour is expected to grow.

To extrapolate what such a relationship could mean in other tissues and organisms, we can
use the mammalian intestinal epithelium as an example. This epithelium consists of several types
of differentiated cells, including enterocytes, goblet and tuft cells, which are generated following
the differentiation of transit amplifying cells, themselves generated following intestinal SC (ISCs)
proliferation and differentiation”. The differentiated enterocytes cells that make the inner lining
of our intestinal tract have a relatively short life expectancy and must be replaced every 5-7 days,
on average, and to replace them, ISCs divide once a day, a relatively high rate, throughout
adulthood’®. The lifespan of an intestinal enterocyte is likely affected by multiple factors, including
diet, nutritional status, inflammation and microbiome constitution. Indeed, inflammatory bowel
conditions are known to accelerate gastrointestinal (GI) epithelial lining desquamation’’, while a
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range of ingested substances, from irritant laxatives (e.g. bisacodyl) to red meat, may also have
similar, perhaps more graded, effects’®”". As such, one would expect ISCs to proliferate more in
individuals with high GI lining turnover. On the other hand, anti-inflammatory treatments may
lead to an increase in GI epithelial cell life expectancy in these individuals, while ISC proliferation
is expected to decrease accordingly. Assuming such homeostatic regulation takes place in the
human GI tract, as in the Drosophila intestine*-°, its disruption is expected to cause the formation
of benign intestinal tumours. Such benign tumours would originate from misregulated ISCs, while
these misregulated ISCs would show increased proliferation relative to homeostatically-regulated
ISCs, and would thus have increased chances of gaining new genetic and epigenetic changes and
of further evolving towards cancer. In support of this view, it was proposed that intestinal cancers
originate from ISCs that, through acquiring changes, escaped from normal regulation®!, while
patients inflicted with inflammatory bowel diseases have a greater risk of developing intestinal
cancers®?.,

How benign tumours may occur and evolve towards cancer

Once an individual’s reproductive period is over, the effect of natural selection at the organismal
level greatly weakens®® and as a result, the natural selection occurring at the cellular scale gains
freedom. At the cellular level, natural selection favours cell proliferation and survival, eventually
leading to cancer, which is, unfortunately for the organism, the ultimate fitness status for a cell:
immortality and an unlimited proliferation potential. Ironically, many widely-used cancer cell lines
have won the evolution lottery by getting adopted for laboratory research (e.g. HeLa cells) and are
now propagated in multiple laboratories around the globe, having truly achieved immortality.

Cancer-initiating mutations are more likely to arise in SCs since they persist and divide
throughout our lives. In contrast, their differentiated progenies all have limited life expectancies
and/or proliferation potentials, reducing their evolutionary prospectives****%5 As such, SCs
uniquely have a high risk of accumulating genetic and epigenetic changes over the years, and of
“evolving” towards cancer. Although this may be less common, early progenitors can undergo
transforming mutations conferring them immortality, and can also continue to evolve towards
cancer thereafter®®47,

Benign differentiated tumours should therefore typically develop after a SC acquires
changes that disrupt homeostatic SC regulation. This could occur, for example, following changes
that would prevent proper SC differentiation, such that an accumulation of poorly differentiated
SC progeny would no longer induce SC quiescence (Fig. 7A). In this case, mutations altering
terminal differentiation could promote the formation of benign, partially or aberrantly
differentiated tumours. As a result, these mutations favour SC proliferation and at the same time,
they increase SC mutation acquisition rates, and thus accelerate their evolution towards cancer. In
systems in which homeostatic regulation involves multiple tissues originating from different SC
types, it is possible to imagine situations where deregulation within one tissue would non-
autonomously promote the formation of a benign tumour in another tissue (Fig. 7B).
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Hamartomatous Polyposis Syndromes offer potential model validation

In humans, hemizygous germline mutations in PTEN or LKB1 predispose carriers to Cowden’s
and Peutz-Jegher’s syndromes, respectively, which are characterized by the appearance of multiple
benign tumours, commonly arising in the gastrointestinal tract, skin and mucous membranes, with
an age of onset typically between 10 and 30 years old®®. The tumours, called hamartomas, are
benign overgrowth largely consisting of differentiated cells’’. In addition, these patients have a
greatly increased lifetime risk for multiple cancers, including GI cancers.

ERK/MAPK is an oncogene that is aberrantly activated in many different types of cancers,
including those of the GI tract®!. Incidentally, work in the C. elegans germline has shown that
PTEN and LKBI are required for inhibiting ERK/MAPK signaling during homeostatic stem cell
regulation?’. PTEN and LKBI1 thus prevent the formation of benign tumours in the C. elegans
germline by inhibiting GSC proliferation when their terminally-differentiated progenies are in
excess. [f some of these principles were conserved in humans, it could explain, at least in part, how
Cowden and Peutz-Jegher’s patients develop benign tumours, from a problem in homeostatic SC
regulation, potentially compromising the downregulation of ERK/MAPK signaling when there are
enough differentiated cells in the tissue.

In principle, the apparition of hamartomas in Cowden and Peutz-Jegher’s patients could
directly result from PTEN and LKBI1’s hemizygosity. Tumours typically begin to appear in
patients around the onset of adulthood, or after development, when the effect of reduced
homeostatic signaling is expected to become more apparent. A subtle reduction in homeostatic
signaling, such as one caused by hemizygosity, would have little consequence during development
since tissues are generally expanding, but the effect would become apparent during adulthood,
when tissues stop expanding and homeostatic signaling has to be more robust. As such, it may be
worth assessing whether a mild inhibition of ERK/MAPK signaling in Cowden’s and Peutz-
Jegher’s patients could decrease or delay hamartoma incidence, and perhaps even lower cancer
risk®>%,

The increased lifetime cancer risk of these patients could then be explained by the increase
in proliferation of these patient’s SCs in every tissue where homeostatic regulation relies on PTEN
and/or LKBI1. Their SCs dividing more frequently than average, they are indeed more likely to
experience a greater number of genetic and epigenetic changes, which, combined with natural
selection, are expected to drive overproliferating SCs towards cancer faster and faster, in a vicious
circle.

Perspectives

Although key tumour suppressors and oncogenes such as PTEN and ERK/MAPK hitherto appear
to play a conserved role in homeostatic signaling across different organisms and stem cell types,
the hypothesis presented here remains largely speculative and would require further mechanistic
validation in vertebrate systems. A range of additional pathways may also be involved in these
more complex SC systems. Interestingly, ERK/MAPK promotes SC proliferation cell non-
autonomously in C. elegans, from a neighboring tissue**. PTEN and LKB1 may therefore also
work cell non-autonomously to inhibit ERK/MAPK in this tissue. Homeostatic regulation may
similarly involve several cell types in humans, and it will certainly be a challenge to solve it down
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to the molecular level for every SC systems. However, the resulting knowledge should greatly
facilitate cancer prevention and treatment, as well as all SC-based therapies.
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Figure and Legends
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Figure 1. The C. elegans GSC system. (A) Diagram of an adult C. elegans hermaphrodite,
highlighting its two symmetrical U-shaped gonad arms (adapted from www.wormatlas.org). (B)
Magnified schematic of the animal’s posterior gonad arm. (C) Further magnified schematic of the
distal part of the gonad, revealing the niche cell (DTC; black), the progenitor zone (PZ; yellow),
and meiotic entry zone (green). GSCs undergo symmetric divisions as the two daughters have an
equal fate potential. Yet, a population asymmetry becomes apparent through a gradient of GLP-1
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activity, and levels of its transcriptional targets LST-1 and SYGL-1, that fades proximally, until a
threshold is reached and cells commit to meiotic entry'82!. This is apparent as their nuclei adopts
the shape of a crescent. (D) Simplified genetic model for niche signaling. The DTC acts as the
GSC niche by expressing the Notch ligands LAG-2 and APX-1, which activate the receptor GLP-
1 at the surface of GSCs. When GLP-1 is activated, its intracellular domain (ICD) is cleaved and
serves as a co-activator for the transcription factor LAG-1, which together with LAG-3 and SEL-
8, binds to and activates the transcription of two main target genes, Ist-1 and sygl-1'%2!. LST-1 and
SYGL-1 then work together with FBF-1 and FBF-2, to repress three largely parallel, but partly
redundant pathways (GLD-1, GLD-2, and SCFPROM-1) that together promote differentiation.
Simplified from??.
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Figure 2. SC proliferation regulatory mechanisms. (A) Schematic representation of the two
known mechanisms that promote GSC proliferation in young adult C. elegans hermaphrodites.
The nutritional status systemically regulates GSC proliferation through activating insulin-
like/IGF-1 signaling (IIS). In this case, the insulin receptor DAF-2 and its main downstream
transcriptional target DAF-16/FOXO both act within the germline to influence GSC
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proliferation?”?°. In parallel, the presence of sperm, through release of major sperm proteins
(MSP), promotes oocyte ovulation, maintaining a high oocyte demand. Through an unknown
mechanism, this leads to the activation of MPK-1/ERK in the animal’s gut and/or somatic gonad,
non-autonomously promoting GSC proliferation, sustaining an elevated niche output and rapid
oocyte production. (B) When sperm is depleted, ovulation is suppressed and oocytes initially
accumulate in the proximal gonad, thereby reducing the demand for more oocytes. This is
hypothesized to suppress MPK-1/ERK signaling in the gut and/or somatic gonad, thereby slowing
down GSC proliferation, and consequently niche output and oocyte production. (C) A simplified
and generalized model for the regulation of SC proliferation by nutrition and tissue demand. Note
that while the function of IIS thus far appears well-conserved, ERK/MAPK signaling could be
replaced by other pathways in different SC types or organisms. Other regulatory mechanisms are
also possible.
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Figure 3. Undifferentiated SC tumours in vitro and in vivo. (Top) In vivo, SCs are maintained
in the undifferentiated state and allowed to proliferate within a physical niche (dark gray).
Nutrients and growth factors can promote SC proliferation within the niche, but proliferation
within a restricted space produces an overflow of SC progeny that exits the niche and embarks on
the differentiation path, until they reach a terminal phenotype to function within a tissue. (Bottom
left) When SCs are extracted from an animal and grown in vitro in a dish, they require the same
three factors to be added within the culture medium to keep proliferating. SCs then form an ever-
expanding undifferentiated benign tumour that can be passed on indefinitely. (Bottom right) /n
vivo, undifferentiated benign tumours occur when a mutation constitutively activates niche
signaling. In such situation, SCs remain undifferentiated even when they exit the physical niche
and proliferate to fill up the entire tissue. The same result can happen if mutations prevent SC
differentiation (not shown).
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Figure 4. Undifferentiated and differentiated benign germline tumours in C. elegans. (A)
DAPI-stained dissected germlines from (top) wild-type and (bottom) g/p-1(gf) hermaphrodites.
Undifferentiated mitotic germ cells (yellow dotted lines) are confined within the niche in the wild-
type, while their progenies that exit the niche enter meiosis and differentiate into oocytes.
Undifferentiated germ cells are completely deconfined and fill the entire gonad in glp-1(gf)
mutants. glp-1(gf) exact genotype was dpy-19(el259) unc-32(el89) glp-1(oz112gf)/dpy-19(el259)
unc-32(el89) glp-1(oz112gf); qDp3 (¢Dp3 contains unc-32(el89) and wild-type copies of dpy-
19 and glp-1)). Distal, left. Scale bar, 20 uM. Reproduced with permission’*. (B) Whole (top)
control and (bottom) aak-1(tm1944) mutant hermaphrodites having their germ cell membranes
labelled with monomeric NeonGreen. When oocytes are not fertilized in control animals, they
accumulate up to a certain point (yellow dotted lines), after which homeostatic signaling limits any
further oocyte production. In mutants that disrupt homeostatic signaling however, such as aak-
1(o), oocyte production does not stop and differentiated benign tumours develop. Anterior, left;
dorsal, up. Genotypes include cpSi42[/Pmex-5::mNeonGreen.::PLCo-PH::tbb-2 3'UTR + unc-
119(+)]; oma-1(zu405te33); oma-2(te51). Scale bar, 50 uM. Reproduced with permission®.
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Figure 5. Homeostatic signaling prevents formation of differentiated benign tumours. (Top)
If SCs are exposed to niche signaling, are stimulated by growth factors, and receive sufficient
nutrients, they will proliferate to expand in numbers. (Middle) When the niche is filled with SCs,
they continue to proliferate because they still receive nutrients and growth factors, but some begin
to overflow outside of the niche and those undertake the differentiation route, morphing into a
terminal cell type. (Bottom left) In the absence of homeostatic signaling, SC proliferation
continues at full capacity at all times, even if the tissue they serve has too many terminal cells,
causing the formation of a differentiated benign tumour. (Bottom right) When the tissue has
enough terminal cell type to fulfil function, homeostatic signaling allows to tune down SC
proliferation and the production of new terminal cells.
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Figure 6. Homeostatic signaling during development and adulthood. (A) During development,
tissues are generally expanding in size and require growing numbers of SC progenies. The effects
of homeostatic signalling are therefore likely reduced, favouring sustained elevated SC
proliferation and differentiation rates. (B) During adulthood, tissues stop expanding and a steady
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state is established between SC proliferation and terminal cell life expectancy. Homeostatic
signaling strength is increased just enough to suppress excessive SC proliferation and arrest tissue
growth. (C) A wound causing the loss of terminal cells within a tissue is however expected to
reduce homeostatic signaling strength, so that SCs can increase proliferation to return towards
elevated developmental rates to promote repair. (D) In contrast, if for environmental reasons (e.g.
a change in life habits — something equivalent to sperm depletion for C. elegans GSCs) terminal
cell turnover is reduced (i.e. terminal cell life expectancy is increased), homeostatic signaling
strength increases to further suppress SC proliferation and prevent the formation of a benign
differentiated tumour. (E) A germline mutation (represented by the darker shade) disrupting
homeostatic signaling in a tissue would be equivalent to pursuing a developmental regime of
elevated SC proliferation into adulthood, inevitably leading to the production of an excess of
differentiated progenies, leading to their accumulation and the formation of a benign tumour.
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Figure 7. Potential routes towards tumorigenesis and cancer. (A) When a mutation preventing
homeostatic signaling occurs in a SC (represented by a darker shade), it is clonally transmitted to
both its SC and differentiated progenies. Terminally differentiated cells from such clone no longer
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generate a homeostatic feedback, resulting in enhanced SC proliferation and the formation of a
benign tumour. The clone gains an indirect proliferative advantage and the increase proliferation
accelerates its evolution towards cancer. (B) In situations in which terminal cell saturation for a
given tissue (blue) would be perceived by a neighboring unrelated tissue (red), a mutation (or other
changes in tissue status, such as stress or inflammation levels) preventing the perception of blue
tissue saturation in a red SC (darker shade) could, in principle, allow for a benign tumour to form
in the neighboring tissue, conferring a proliferative advantage to blue SCs. Several other situations
are possible.
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